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ABSTRACT OF DISSERTATION

IN PURSUIT OF UNDERSTANDING BARREL VARIATION: SURVEYING THE
LIGNOCELLULOSE COMPOSITION AND CONTENT CHANGES IN QUERCUS
ALBA BARREL STAVES DURING COOPERAGE AND BOURBON WHISKEY
MATURATION
Bourbon whiskey is a distilled spirit which is a uniquely American with several
legal requirements including 1) the major grain in the mash is corn, 2) must be aged in a
new charred white oak barrel, and 3) made in the United States of America. Kentucky is
the whiskey historical home, producing most of the bourbon in the United States. Interest
in whiskey has developed a need to understand more about the underlying chemistry of
bourbon. The charred white oak barrel used in bourbon production is of substantial
interest because the barrel has been implicated in giving American whiskey its flavor.
White oak barrels are used in many different production systems and the variables
between barrels have been documented in wine, spirits, and beer. Understanding the
underlying factors of barrel variation could allow for the guidance of barrel production to
more correctly meet the desires of distillers. The process of making a barrel involves
several steps that are in some ways more art than science, but we explored how these
steps may be interacting with the barrel as the composition is altered during production.
Barrels undergo a thermal degradation event and/or charring during production which is
similar to other biomass upgrading processes to pyrolysis or thermolysis.
The white oak wood used in barrels is composed of several biopolymers including
cellulose, hemicellulose, and lignin. Each of these polymers has different conditions
under which they break down and generate different products of interest such as volatile
compounds that contribute to whiskey flavor. These volatile compounds are the same
compounds that are of interest in biomass production as lignocellulose material is
undergoing pyrolysis. We apply a novel strategy looking at factors that influence
pyrolysis and wood chemistry to characterize how biopolymers in the wood break down
and are altered during barrel production, and before and after whiskey maturation. We
develop and document a system in which to survey barrel staves consistently as whiskey
penetration in the barrel stave appears to be variable.
We found that cellulose structures are altered by the charring process in barrel
production and this allows for whiskey to breakdown this otherwise resilient biopolymer.

We found that hemicellulose content and composition were variable across all measured
barrel staves but a general trend of degradation was found to occur with whiskey
maturation. Through the application of a model of spirt solution and oak cell wall
altering enzymes, we found that oak cellulose altered glucose content in a model spirit
solution and that carbohydrates are not stable in a whiskey barrel environment. These
results indicated that the starting barrel stave cellulose, hemicellulose and lignin
composition would also influence the content of whiskey related volatile molecules from
the wood.
Lignin is a resilient phenolic polymer whose content increased in the barrel staves
after charring and whiskey maturation to become the dominant biopolymer in the
innermost portion of the barrel stave. Using a model we developed, we tested how these
compounds could be extracted during whiskey maturation by using homogenized charred
material from the innermost portion of a new barrel. Not so surprisingly, we found that
phenolic compound amounts were highly variable. We then used the model with toasted
and untoasted wood chips from the same homogenized stock and found that heat
increases the variation in the system. Further, we found that ash and copper content was
elevated in the innermost portion in used bourbon barrels compared to other parts of the
barrel stave.
Whiskey maturation is a complex chemical process with multiple reactions that
occur in addition to direct extraction of the barrel wood. Compounds within the barrel
can also react with each other over time- acid and alcohol resulting from the fermentation
interact with each other and breakdown products extracted from the wood. This process,
known as transesterification, gives rise to esters and fruity smells that occur in whiskey.
While many acids are present in new whiskey, we focused on what the wood adds to the
whiskey and how fatty acids are altered from cooperage and whiskey maturation. We
found that like other compounds in the barrel, fatty acids were highly variable. Thus, we
used a model to look at how the composition and content of fatty acids were altered by
different alcohol contents in bourbon production.
Barrel composition overall was found to be different than the published values for
virgin white oak wood, this appears to occur in part from the cooperage process. These
shifts in composition seem to be the starting grounds for barrel variation. These
composition issues are compounded by alkaline and alkaline earth metals which act like
Insitu catalysis during pyrolysis (charring) and thermolysis (toasting). Remediation and
alteration of ash content of biomass lignocellulose are effective at guiding breakdown
products in other products . Using previously published methods to measure oak
composition and ash content was ineffective and highly variable, so we utilized a model
system in our studies. Overall the findings throughout this work show that barrel
variation is due to a combination of factors beginning with differences in wood
composition and amplified during the cooperage production process of the barrel. We
found wood composition is altered during whiskey maturation and this appears to have
potential as a target for altering flavors whiskey maturation.
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CHAPTER 1. IN PURSUIT OF CONSISTENT DISTILLATE: SOURCES OF
VARIATION IN BARREL-AGED SPIRITS
1.1

Introduction
Cooperage, the art of barrel-making, is still alive today. In fact, the industry is

thriving as demand for barrels continues to rise with the increasing demand for bourbon
whiskey. Cooperage practices have remained largely unchanged across the centuries,
with the addition of metal hoops constituting the only major modification. However,
although these practices are carried out in a similar manner, many cooperages use
custom-made equipment and many of the specifics, such as the timing of toasting and
charring and the temperatures applied to barrels during these procedures, are carefully
guarded trade secrets. This proprietary information can hinder investigations into causal
relationships between cooperage practices and whiskey characteristics and this review
aims to provide guidance on which relationships warrant further study.
1.2

Diversity at the Source: Oak Trees
With a range that spreads from the Mississippi River to the eastern coast of the

United States, the first source of variation among barrels is the oak tree itself (Mosedale
et al 1996, Mosedale et al 1998, Mosedale & Savill 1996, Prida & Puech 2006). Each oak
tree is genetically distinct and has, in its lifetime of 70-100 years, experienced a unique
set of biotic and abiotic stimuli. These differences combine to produce trees with unique
volatile profiles, each capable of interacting with distillate in a different way. Though it
has long been known that oak barrel staves impart flavors to bourbon whiskey,
understanding how the volatile profiles of oak may be predicted or controlled has not
been considered of great importance in the science of cooperage, which has tended to
focus more on barrel production efficiency.
Barrel staves, like any other wood product, comprise a matrix of biopolymers,
cellulose (Gollihue et al 2018) and hemicellulose, and phenolic compounds, lignin(Le
Floch et al 2015b),(Conner et al 1992, Santos et al 2012). Within this matrix,
components, such as hydrolyzable tannins(Cadahia et al 2001, Chira & Teissedre 2015a,
Masson et al 1995, Mosedale et al 1996, Mosedale et al 1998, Puech et al 1999), tyloses,
1

lipids(Ferreira et al 2018), whiskey lactone(Campbell et al 2005), and other trace
compounds(Rowell 2012), reside. While many of these components remain constant
regardless of the environment in which the oak tree has grown, extractable compounds
have been found to vary(Masson et al 1995, Mosedale et al 1996, Puech et al 1999). The
significance of this variation was investigated by Marco et al.(Marco et al 1994), who
conducted a sensory evaluation of whiskey from barrels that had each been constructed
from oak trees grown in a single stand. The conclusion of this evaluation was that the
sensory characteristics of the whiskey varied with the stand from which the barrel staves
originated, leading to the idea that barrels, like wine grapes, may have a terroir.
Roughly 600 species belong to the genus Quercus that are subdivided into five
subsections, the subgenus Sect. Quercus (White Oak) and Sect. Mesobalanus (Hungarian
oak) are important for barrel construction. Interspecific hybridization is common to occur
in oak among subsections, it has been observed that this occurs the most in the white oak
group as they are wind pollinated and monoecious(Williams et al 2001). Several factors
been found to explain this interspecific hybridization including weak biological barriers
to prevent hybridization and an inability to discriminate against pollen of related
subgenus (Williams et al 2001). Hybridization impacts oak populations as a large
amount of introgression(Gonzalez-Rodriguez & Oyama 2005) occurs leading to oak
populations that are very similar(Conte et al 2007). This also causes an interesting
phenomenon to occur where different species in a population that morphologically look
different share 50% of their genome(Gomory & Schmidtova 2007). This may help
explain why there is a significant difference between oak populations and why
geographical location is an important factor for barrel construction in wine(Doussot et al
2000). The hybridization of oak population would indicate that it is possible for an
individual tree to have morphology of a specific genus but be genetically similar to a
different genus. This impacts cooperage because most tree identification is done based
upon morphology and not genetics.
This has the potential to directly impact barrel wood because extractible
compounds, biopolymer wood composition, wood grain, and possibly tylose content
could be influenced. The sum of the width of the earlywood and latewood produces the
2

annual growth ring width that is referred to as grain(Chuteira & Grão 2012, Le Floch et al
2015b). Grain is used as a metric for the quality of the oak used by cooperages and can be
described as tight (1-3mm) or wide (3-10mm)(Chuteira & Grão 2012). Grain width
influences the porosity of the wood and the amount of dry matter that is interacting with
the barreled products. Tighter grain is generally desired for cooperages but there is a lot
of variation that can come from many different factors(Chuteira & Grão 2012, del
Alamo-Sanza & Nevares 2014, del Alamo-Sanza et al 2016, Mosedale & Puech 1998,
Sanza & Nevares Domínguez 2015, Vivas et al 2003, Vivas & Glories 1997)including
the oak species, genetic fitness and silviculture management and growth
location(Chuteira & Grão 2012, Mosedale & Puech 1998). Porosity is not only influenced
by grain but also tylose content (Mosedale 1995b) and influences the oxygen diffusion
amount and rate through the wood(del Alamo-Sanza & Nevares 2014, Sanza & Nevares
Domínguez 2015).
1.2.1

Variation in Stave Production
1.2.1.1 Stave Log Selection

In addition to genetic differences among oak trees and environmental influences
that lead to variation in the properties of stave wood, the way in which the wood is
harvested plays a significant role in determining which reactions will take place during
maturation. Stave logs are selected for their size and grain. In general, white oak trees
must exceed 70 years of growth before they are considered large enough to produce stave
logs. The grain, however, is determined by how much a tree limb grows in diameter each
year and can be highly variable(Chuteira & Grão 2012, del Alamo-Sanza & Nevares
2014, del Alamo-Sanza et al 2016, Mosedale & Puech 1998, Sanza & Nevares
Domínguez 2015, Vivas et al 2003, Vivas & Glories 1997),The diffusion of oxygen into
and out of barrels affects the outcome of a variety of chemical reactions and generally,
cooperages prefer stave logs with tighter grain.

3

1.2.1.2 Wood Cutting/Splitting
Logs selected for stave production are first debarked and cut into smaller pieces
(Fig. 1.1 A). These smaller pieces are then either cut into staves if using American white
oak or split into staves if using French oak. Though cutting barrel staves generates less
waste than splitting, the properties of French oak necessitate splitting as barrels made of
such wood will leak if the staves are cut(Chatonnet & Dubourdieu 1998, Mosedale &
Puech 1998). When cutting American oak, a series of passes with a blade first divides the
log in two, and then into four, to form quarter bolts (Fig. 1.1 B). Each bolt is then sawn in
a manner that ensures every piece of wood is used either for staves or heading (Fig. 1.1
C). The process of splitting follows the directional grain of the wood as disruption of this
grain would affect the water tightness. Similarly to quarter sawing, the first split produces
two half short bolts which are further split into quarters. The quarters are split into
triangular sections that are worked into staves. The influence of cutting versus splitting
likely affects the penetration of oxygen into the distillate and the penetration of distillate
into wood but this comparison has yet to be made.
Freshly cut barrel staves are composed of both heartwood and sapwood (also
known as whitewood in the cooperage industry). Sapwood is the living tissue in the trunk
and limbs that conducts water through the tree(Mosedale & Puech 1998, Pallardy 2010).
It is lighter in appearance than the heartwood found in the center of the tree(Mosedale et
al 1996), which is non-conductive and is regarded as non-living(Chuteira & Grão 2012,
Pallardy 2010). The chemical composition of whitewood and heartwood is very different
and large amounts of sapwood in staves is generally thought among those in the industry
to be responsible for leaky barrels and undesirable flavors in the distillate held within
(personal communication). Therefore, most of the sapwood is removed from the staves
before they are fashioned into barrels (Fig. 1.1 D).
1.2.1.3 Seasoning and Drying
Before fresh staves are ready to be coopered, they are seasoned for up to three
years. In addition to allowing staves to be successfully joined into barrels, the seasoning
process leads to profound changes in the volatile profiles of wood. Most significantly, the
4

green smell that is associated with fresh cut wood is lost (Cadahia et al 2001, Doussot et
al 2002, Hale et al 1999, Martínez et al 2008, Sefton et al 1993, Spillman et al 2004),
with seasoned staves possessing a milder aroma of coconut and celery (Mosedale 1995b,
Mosedale & Puech 1998). The environmental conditions that the stave wood is subjected
to during seasoning alters the amount of whiskey lactone (Sefton et al 1993), vanillin
(Spillman et al 1997) and hydrolyzable tannin (Masson et al 1995) present in the wood.
In addition, a plethora of microorganisms take up residence in stave wood during
seasoning and they too influence its aroma and constituent biopolymers (Martínez et al
2008, Vivas 1997, Ward et al 1998b). Finally, the geographical location in which the
stave wood is seasoned also affects the volatiles present in the staves (Doussot et al 2002,
Spillman et al 2004). Though the abiotic factors influencing the properties of stave wood
are beyond our control, there is an opportunity to further our understanding of the effects
of microbial communities and geographic location. For example, microbial communities
could be artificially modified through sterilization and inoculation and the resulting
effects on structural biopolymers and the generation of volatiles could be measured.
After stave wood is seasoned it must be dried. Wood is hygroscopic and,
therefore, most cooperages will kiln-dry their stave wood to achieve the desired moisture
content of 14-18% (Mosedale & Puech 1998, Ward et al 1998a, Ward et al 1998b). In
addition to sterilizing the surface of the stave wood, the act of kiln-drying degrades
ellagitannins and partially degrades the xylene and glucomannan fractions of
hemicellulose (Masson et al 2000). The degradation of these biopolymers leads to the
production of reactants that play an important role during whiskey maturation.
1.3

Variation in Barrel Production
1.3.1 Raising and Shaping
After the stave wood is kiln-dried it is shaped into trapezoids, which can be

formed into a barrel in a process known as raising. This is done through the manual
selection of staves to fill a head truss ring around a stand. Staves vary in width and
therefore, barrels vary slightly in the number of staves used in their formation (28-32).
This variation is important to consider as stave joints constitute the major avenue through
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which oxygen enters the barrel during whiskey maturation(del Alamo-Sanza & Nevares
2014). After the final stave is placed into the head truss, the staves are encircled with a
cable that is drawn to the size of the hoop, keeping the wood in place, while it is bent into
shape. In order to bend staves into the required shape heat must be applied. This can be
achieved using fire, water or steam and each method has the potential to alter the
extractable compounds in the barrel staves.
When staves are bent via the use of fire, the raised staves are set over an open fire,
causing the heat to be funneled into the confined space of the barrel interior. Tannin is
easily degraded by heat(Masson et al 2000) and it is likely this process leads to an
increase in gallic acid in the barrel staves. Bending staves using water entails soaking the
entire barrel in water at 82 °C for 20 minutes. During the soaking period, it is likely that
many of the water-extractable compounds will be removed. The third alternative,
steaming, varies among cooperages, with the choice of temperature ranging from 160°C
to 180°C, again for a period of 20 minutes. Exposure to steam of these temperatures for
this duration could lead to hydrothermolysis of the biopolymers in the staves and as this
has been shown to occur in other systems(Burtscher et al 1987, Mosedale 1995b). In
addition, the heat applied during steaming may produce similar results as exposure to fire
in that tannin may be degraded, producing gallic acid. All three of these heat applications
are likely to alter the profile of volatile compounds found in the staves.
1.3.2

Thermal Modification

After the staves are made pliable through the application of heat, they are shaped
into a barrel using a windlass and metal hoops are placed around the circumference. The
staves are now ready for thermal modification, which in the case of barrels destined for
the production of bourbon whiskey, is generally achieved through charring, a process
akin to quick pyrolysis chemistry. The interior of the barrel is charred by the direct
application of a natural gas flame for a minimum of 15 seconds(Mosedale & Puech
1998). The exact time varies with each cooperage and according to the purpose of the
barrel. Recently, cooperages have been experimenting with subjecting barrels to a
combination of toasting and charring. Toasting, which is usually reserved for barrels
destined for wine maturation, is achieved by setting the barrel around a fire of oak wood
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scraps. The heat produced by the fire is funneled up into the barrel, which remains in
place for the duration of the toasting(Collins et al 2015). Barrels which have been
subjected to both thermal treatments have the physical appearance of a deeper char than
those that are only charred.
The temperatures and durations used during thermal modification of barrels vary
with the producer and each cooperage has their own unique grading system(Mosedale
1995b, Mosedale et al 1998). For example, a barrel may be toasted at a temperature that
ranges from 47 °C to 240 °C, and this thermal treatment can last for up to one hour(Chira
& Teissedre 2015a, Farrell et al 2015). Each biopolymer within the stave wood can
withstand a different intensity of heat, with hemicellulose (composed of mostly xylan and
glucomannan(Puls 1997)) breaking down first at around 225-325 °C, followed by the β1,4 linked glucan crystalline cellulose at 315-440 °C. Lignin is the component that is the
most recalcitrant to thermal degradation with some motifs withstanding temperatures up
to 900 °C(Haykiri-Acma et al 2010, Jarvis 2013, Yang et al 2007). The degradation of
these biopolymers leads to the presence of extractable compounds that are incorporated
into the distillate held within the barrels, affecting the flavor profiles of the matured
spirits(Alañón et al 2010, Cadahia et al 2001, Clyne et al 1993, Collins et al 2015,
Doussot et al 2002, Farrell et al 2015, Hale et al 1999, Lee et al 2001b, Liebmann &
Scherl 1949, Prida & Puech 2006, Reazin 1981, Spillman et al 2004).
Achieving consistency in thermal modification has proven to be a challenge, even
when using industrial methods(Collins et al 2015, Singleton 1974, Singleton 1995). This
can be explained by recent work showing that the moisture content(Burhenne et al 2013,
Huber et al 2006, Westerhof et al 2007), ash content(Richards & Zheng 1991, Scott et al
2001) and variation in wood composition(Masiá et al 2007, Patwardhan et al 2010,
Vassilev et al 2010) of the starting material can affect the outcome of the thermal
treatment. In addition, interactions between cell wall components(Zhang et al 2015b) can
vary and will affect the generation of extractable compounds. Finally, the thermal ramp
rate, maximum temperature and oxygen content(Neves et al 2011) of the thermal
treatment are all influential factors. It is important to note that an additional unknown
factor is the how the heat is transferred through the staves during the thermal treatment.
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Barrel production is a craft and variation in the artistry was shown during the production
between coopers and between barrels made by the same individual (Collins et al 2015).
Cellulose and hemicellulose generate the compounds furfural, 5hydroxymethlfudrual, cyclotene, maltol, acetic acid and methanol(Lee et al 2001b).
These breakdown products are of interest as they are extracted during maturation along
with the wood polymers. The products from the various biopolymers breaking down
generates, furans from carbohydrates and vanilla and various phenol from
lignin(Chatonnet et al 1999, Collins et al 2015, Farrell et al 2015, Hale et al 1999, Le
Floch et al 2015b, Lee et al 2001b, Ward et al 1998b). Charring of the wood results in
some of the biopolymers being carbonized resulting in an active charcoal layer on the
surface of the barrel(Lee et al 2001b). This in effect may help remove some impurities in
a whiskey that is aged in the barrel. It should be noted this effect is only minor and sulfur
impurities from the unaged whiskey will still be present in finished whiskey resulting in
greasy soapy notes(Piggott et al 1989). The charring of the barrel is required for bourbon
whiskey production, however this charred portion does not provide much color or flavor,
indicating barrel toast may be more important than previously thought in bourbon
production(Horlander 1968). Charring of barrel wood causes a great accumulation of
vanillin and higher oxidation of lignin products this being a positive to volatile profile of
the whiskey (Clyne et al 1993, Conner et al 1992, Lee et al 2001b, Puech 1981). Charring
of the barrel is done differently among cooperages and the differences alter the conditions
and chemical reactions that could be occurring. Charring of barrels can be done by an
intensive toasting fire that ignites the barrel to cause a char. Charring of barrels can also
be done by direct application of a natural gas flame. Comparison of these difference
should yield differences in compounds produced from the wood breaking down as the
charring by toasting fire could have more combustion products when compared to natural
gas flames which has conditions closer to quick pyrolysis.
1.3.3

The Effects of Barrel Variation on Whiskey Maturation

The variation in volatile and extractable compounds from barrel wood has been
well-documented(Anjos et al 2013a, Mosedale & Savill 1996, Towey & Waterhouse
1996). These compounds appear to arise from biological variation in oak compounded by
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variation in the cooperage process as outlined previously. The shifts in the biopolymer
composition and content in oak influence the compounds produced by the thermal
modification resulting in formation of volatile compounds (Liu et al 2017). This leads to
shifts in the composition of cell wall biopolymers that are degraded(Anjos et al 2013a,
Gollihue et al 2018) in the formation of volatiles(Cutzach et al 1999, Lee et al 2001b),
variation in the starting composition would lead to shifts in the overall chemical
composition of a matured product. This has been seen as starting material in the barrels
and changes the end result of the whiskey volatiles through consecutive
maturation(Reazin 1981). The influencing factors found in barrel variation are found
throughout the process; while this would make homogeneity difficult it does allow for
multiple points for innovation to occur.
Whiskey maturation as related to barrels is complex as extractable compounds are
formed from biological factors and generated from thermal treatments. Cell wall
compounds are hydrolyzed then undergo further reactions that generate volatile
compounds(Anjos et al 2013b, Conner et al 1992, Gollihue et al 2018, Le Floch et al
2015a, Lee et al 2001b, Puech 1981). The addition of alcohol to the barrel gives a
chemical matrix for several chemical reactions that drive whiskey maturation. There are
two major chemical reactions that occur during maturation- transesterification(Lee et al
2001b, Reazin 1981) and Fenton chemistry(Elias & Waterhouse 2010, Oliveira et al
2011). Transesterification is the reaction of alcohols and acids to form an ester, many of
which have fruity aromas. Ester formation occurs as a function of time during whiskey
maturation but this can occur independent of the barrel(Lee et al 2001b, Mosedale &
Puech 1998). The oxidation reaction in whiskey maturation involves the extracted
compounds from the barrel through the distillate as a solvent.
Oxidation occurring in food products is generally thought to be negative and
attributed to spoilage, in whiskey however this reaction is critical to flavor development.
Though Fenton chemistry is still yet to be understood completely, the signs of this
chemical process have been documented as ethanol changes to acetic acid and
acetaldehyde(Lee et al 2001b, Mosedale & Puech 1998, Reazin 1981). Fenton chemistry
in wine has been documented and while the mechanisms of this process are still being
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divulged(Danilewicz 2016, Elias & Waterhouse 2010) the generation of hydrogen
peroxide has been document. The hydrogen peroxide is produced from phenolic
compounds reacting with oxygen and the charge state is regenerated from iron and
copper ions(Danilewicz 2016, Singleton et al 1979). The implications of these reactions
are interesting and should be explored as many volatiles will be produced as port(Cutzach
et al 1999), cheese or cooking oil(Choe & Min 2006, Frankel 1991). There are some
factors that should be considered in influencing oxidation rates in whiskey that the
process is going to be influenced by composition polyphenolic, transition metals content ,
pH, temperature and dissolved oxygen content(Elias & Waterhouse 2010). Barrel wood
after pyrolysis is biochar and would have the ability to adsorption and desorption various
compounds and metals, this would be an interesting area of study to understand these
relations

particularly during secondary use of the barrel (Liebmann & Scherl 1949),(Yu

et al 2000).
Other chemical reactions are possibly occurring during whiskey maturation. It is
important that during the elution of these chemical reactions that two principles are kept
in focus, what is the impact on the sensory perception and how can findings be
implemented in a meaningful way to the production and improvement of whiskey. The
complexity of aromas in whiskey should be noted that an increase a of volatile may have
sight less forward and direct effect on the sensory capacity of whiskey(Poisson &
Schieberle 2008a, Poisson & Schieberle 2008b). This can be seen as alcohol content in
whiskey masks the fruity aroma of the esters formed during maturation(Poisson &
Schieberle 2008b). Interactions among volatile compounds can occur resulting in
aroma shifts for example whiskey lactone sensory effect is altered with the addition
furans(Lee et al 2001b). Many of the studies looking at whiskey have indicated that
whiskey is a complex mixture of alcohols, acids, esters, phenolics, and various other
organic compounds and there is variation between production traditions(Collins et al
2014, Martins et al 2017, Roullier-Gall et al 2018, Stupak et al 2018). These studies are
critical for development and anti-counterfeiting efforts but have limitations on
understanding flavor development during maturation and possible interventions to change
flavor.
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Maturation studies are a very practical and important type of work that need to be
better understood and highlights a very specific problem in this topic area. Whiskey
production is steeped in tradition and is done around the world and in variable
environments with “craft spirits”. While maturation conditions and the effects on whiskey
are not completely well understood, there is a considerable amount of research that has
been completed by producers in the past that has either been not shared or lost forever.
1.4

Opportunities and Conclusions
Barrel production has many steps that lend themselves to study for the purpose of

understanding flavors coming from wood. However, this is difficult as the variation is
found at almost every step of the production process. A closer look at specific portions
of the barrel are merited, particularly chemical and physical interactions, in attempts to
improve future studies in barrels. Thermal modifications of barrels are incredibly
important for the generation of volatile compounds. There however are other facets that
should be explored such as weathering of barrel staves, where the complex communities
of microbes growing on barrel wood have been shown to alter barrel flavor(Martínez et al
2008, Spillman et al 2004, Ward et al 1998b). The microbial communities could be
altered in profound ways by the simplest changes to production i.e. changing in stacking
pattern of the barrel wood (personal communication). Other opportunities of study are to
test the claims that have surrounded this industry, for example the properties of white
wood (sapwood) on a barrel or flavor.
The industry of barrel production by its nature produces considerable amount of
variation in its products. Barrel variation can come from biological sources, oak genetics,
microbial communities that are influenced by weathering conditions, and differences in
production practices. Some factors are not practical to control such as oak genetics or the
location of harvest in American oak, but there are some general production changes that
allow for research as these are points that can be used to alter barrel flavors. Some of the
most obvious areas of study in barrels are careful examination of the various thermal
events, an understanding of heat transfer of barrel wood, and the exploration of wood
polymer decomposition. Weathering conditions and microbial communities could be
fruitful areas in the modification of barrel wood to change prospective barrels aromas.
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Figure 1.1 Barrel Construction and Anatomy
Barrels are produced from oak logs (a) which are composed of bark, sapwood and
heartwood. Logs are debarked and cut into quarter bolts (b) which are further cut into
rough boards by sawing (c) as efficacy is important in American barrel production the
maximum amount of boards are cut from each quarter bolt. This leads to variation in the
width of in the rough-cut boards and in the final barrel staves. The sapwood is generally
undesirable in the production of a barrel leading to discarding of (c 5/v) fraction of the
bolt. The reaming boards have the sapwood reduced on the board (d), but some sapwood
remains (e 1 to 2 & 3 to 4) on the boards, this generally removed. Barrels heads (g) are
formed with a tongue and groove formation of heading material and a bevel is placed into
the head. The heads of are then charred and attached to the barrel. The completed barrel
(f) has a bung hole drilled into the bilge stave and the barrel is pressure tested.
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CHAPTER 2. LIBERATION OF RECALCITRANT CELL WALL SUGARS FROM
OAK BARRELS INTO BOURBON WHISKEY DURING AGING
2.1

Introduction
“It is suggested to me that if the barrels should be burnt upon the inside, say only

a 16th of an inch, that it will much improve [the bourbon whiskey]”- a grocer writes to
John Corlis, Lexington, KY July 15th 1826(Veach 2013).
The cultural practice of aging spirits and wine in charred oak barrels dates back to
Roman times and while today’s food and beverage industry has adopted modern
technology to increase productivity and improve consistency, the traditional oak barrel is
still held in high regard. First selected for their unique physical and chemical properties,
barrels constructed from the heartwood of 80- to 120-year-old oak trees (Quercus)
reliably hold a variety of liquids of variable viscosity (Farrell et al 2015, Gougeon et al
2009). In addition, they contribute to the unique flavor that has become characteristic of
the wine and spirits stored within, resulting in their continued use (Chira & Teissedre
2015b, Conner et al 1993, Mosedale 1995b, Sefton et al 1990, Towey & Waterhouse
1996).
The contribution made by the oak barrel to the flavor of the bourbon whiskey is
affected by the cultural practices associated with its production. First of all, the staves of
an oak barrel are seasoned in open air. During this time, hydrolyzable tannins are lost and
macromolecules, such as lignin, are degraded leading to an increase in aromatic
compounds in the wood (Cadahia et al 2001, Doussot F 2002, Vivas 1997). The staves
are then bent into shape assisted by steam. After the barrel is constructed, its interior is
charred. Charring, a form of fast pyrolysis, is the process during which the interior of the
barrel is exposed to a natural gas flame that reaches 1950 °C, leading to the modification
of the biopolymers, cellulose, hemicellulose and lignin, which are the major constituents
of oak heartwood (Mosedale 1995b, Mosedale & Puech 1998, Vivas 1997). Each
biopolymer can withstand a different intensity of heat, with hemicellulose (30% of the
cell wall and dominated by xylan and glucomannan (Puls 1997, Rowell 2012)) breaking
down first at around 225-325 °C, followed by the Β-1,4 linked glucan structure of
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paracrystalline cellulose at 315-440 °C and finally by lignin, which requires temperatures
exceeding 400 °C to induce degradation (Jarvis 2013, Yang et al 2007). The barrel is now
ready to hold distillate, which will become bourbon only after it has been aged for a
sufficient amount of time – a minimum of 24 months for Kentucky straight bourbon
whiskey.
The aging of bourbon whiskey takes place in a ‘rickhouse’ - a large multi-tiered
warehouse, traditionally made of limestone but presently constructed from modern
building materials. Though these structures shield the bourbon barrels from the weather,
they are relatively uninsulated and allow for seasonal temperature shifts. The effect that
these changes in temperature have on whiskey has been documented with studies
demonstrating variation in the amount of sugars, the phenolic content and the
accumulation of various other volatile and nonvolatile compounds (Liebmann &
Rosenblatt 1943, Liebmann & Scherl 1949, Reazin 1981). These changes are thought to
be due to the expansion and contraction of the distillate as it heats and cools. When
warm, the distillate expands and penetrates the staves of the barrel and when it
subsequently cools, components of the wood are drawn from the staves, giving rise to the
flavor profile associated with bourbon whiskey.
It is clear that both charring and aging affect the interaction between the oak
barrel staves and the distillate (Reazin 1981). However, the majority of studies to date
have focused on the changing flavor profile of the bourbon whiskey. Herein, we
investigate the oak cask, focusing on whether recalcitrant cell wall polysaccharides such
as cellulose and hemicellulose are extracted during barrel aging. Such extraction would
provide an unusual source of chemical building blocks.
2.2

Results
2.2.1

A Nomenclature for the layers Within a Barrel Stave

Standard bourbon whiskey barrels are built to hold 53 gallons or 200 liters of
distillate and are composed of a series of narrow staves held together by metal rings (Fig.
2.1) (Liebmann & Scherl 1949, Reazin 1981). The process of charring a barrel followed
by the aging of a spirit held within it results in barrel staves with four distinct layers, for
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which no satisfactory nomenclature currently exists. To address this, we established a
simple nomenclature for these layers in an effort to maintain a repeatable sampling
protocol for barrel staves (Fig. 2.1).
The innermost layer of the barrel stave is exposed directly to the flame during
charring and therefore undergoes pyrolysis (Fig. 2.2A). We refer to this section as the ‘C
layer’. It contains active carbon from combustion, which is documented to help remove
sulfur and impurities from spirits (Mosedale 1995b). The depth of the C layer is
dependent upon the charring duration. Though not charred, the next layer of the stave is
subjected to thermal degradation (Shen et al 2009). Herein denoted as the ‘P layer’, this
wood has a visibly lighter appearance after whiskey has matured in the barrel (Fig. 2.1
comparing P versus O) due to the extraction that has occurred during the aging process
(Zhang et al 2015a). The most striking visual change in the barrel stave is the appearance
of the red line that occurs after whiskey maturation. The red line is the spirit penetration
mark, which likely indicates to what depth the distillate has penetrated, marking the end
of the P layer. This section of the stave is here referred to as the ‘R layer’. The position
and breadth of the red line varies considerably across staves and even within a single
stave, highlighting the limitations of sampling schemes that rely only on depth (Fig. 2.2
D) (Conner et al 1993). Finally, the ‘O layer’ is the outer section of the stave. This
section of wood has not undergone thermal degradation or extraction via spirit
penetration.
The thermal degradation and extraction that occurs during charring and aging in
the C and P layers of the whiskey barrel are hypothesized to influence the release rate of
‘wood sugar’ entering the ethanol during aging. Cellulose and hemicellulose, both
composed of monosaccharides, are postulated to be the source of wood sugars, but how
these biopolymers are broken down and to what extent their breakdown products enter
the whiskey within the barrel is unknown.
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2.2.2

Charring and Aging Reduced Cellulose Crystallinity

Cellulose is a dominant metabolic component of all tree stem tissue, and this
remains true for the white oak (Quercus alba) barrel stave. Comprising highly ordered
repeating β-1,4-glucan units, cellulose has a crystalline structure that is resilient to
chemical or enzymatic deconstruction (Jarvis 2013, Yang et al 2007, Zhang et al 2015a).
However, bourbon barrels are required to be charred as defined by the standard of
identity, and this cast modification is initiated by a natural gas flame (1950 °C) applied
directly to the inner surface of the barrel – a temperature well in excess of that which is
needed to break down cellulose. The duration of this process varies with producer but is
generally between 15 and 45 seconds, resulting in a range of charring grades (Mosedale
& Puech 1998). The charring grade to which the barrels used in this study were subjected
was #4, which is approximately 45 sec. This charring is similar to pyrolysis without
atmospheric modification and could therefore alter the cellulose present in the barrel
staves.
The intermolecular forces acting within cellulose in its native state lead to
crystallization (Jarvis 2013). This crystallized structure makes cellulose difficult to break
down, as only the outermost portions of the cellulose strand provide accessible reaction
sites. However, we found that the process of charring reduced cellulose crystallinity.
Using wide-angle X-ray diffraction and Bragg-Brentano geometries (symmetrical
reflection), we demonstrated that the relative crystallinity index (RCI) of cellulose in the
C layer of a new barrel stave was decreased by 50% compared with wood from the O
Layer (Fig. 2.3A). This loss of crystallinity was similar to that found in samples of wood
subjected to 300 °C for one hour (Kwon et al 2009). A comparative analysis of a tenyear-old barrel indicated that the crystallinity of cellulose in the O layer remained
constant over time. This constancy was in contrast with the C layer, which displayed an
even greater reduction in cellulose RCI after ten years of whiskey maturation, dropping to
3.1° 2θ from 26.1° 2θ in a newly charred stave (Fig. 2.3B). The P and R layers of the tenyear-old barrel both had mean RCI values of approximately 60. These values were not
statistically different (P = 0.962, two-way ANOVA) from those of the O layers of a new
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barrel, indicating that the crystallinity of the cellulose in the interior of the barrel stave
was not affected by whiskey maturation (Table 2.1).
2.2.3

Alterations in Cellulose Visualized through Confocal Microscopy

In addition to measuring the relative crystallinity of cellulose in the wood tissue,
we found that cellulose in barrel staves could be visualized through confocal microscopy
of wood samples stained with the fluorescent cellulose binding agents Pontamine S4B,
which is specific for crystalline cellulose, and Calcofluor White, a broader cellulose
reporter. Optical evaluation of stave samples was used to reveal whether any changes in
cellulose content were evident. In an un-charred barrel stave, the cellulose matrix
appeared as a series of linear striations of cellulosic material (Fig. 2.4A and 4B). These
were consistent in form across both histochemical tests but were clearer with the
crystalline cellulose interactive dye Pontamine S4B. In contrast, the process of charring
influenced the form of the cellulose polymorphs. Inspection via confocal microscopy
revealed a distinct morphological change in the organization of cellulose after charring
has taken place (Fig. 2.4C and 2.4D). This change was best described as a mottling of the
linear structures observed in untreated oak (Fig. 2.4A). Though we observed changes in
the appearance of the cellulose polymorphs, before and after charring, the histochemical
assessment supported the presence of intact dye-reactive cellulose. In this same charred
layer, we saw strong interactions with the distillate. After whiskey maturation had taken
place for a period of five, six or ten years (data presented for the ten-year-old barrel
staves only, but consistent results were observed for all maturation periods), no detectable
fluorescence arising from cellulose in the C layer was observed (Fig. 2.4D and 2.4E).
This loss of cellulose is explored further in the following section.
2.2.4

Whiskey Maturation Led to a Reduction in the Cellulose Content of the Barrel
Stave
Little is known about the chemistry of whiskey during maturation. The transfer of

oak components derived from the barrel into aged distillate is known to impart 50-80% of
the flavor but is only beginning to be explored (Zhang et al 2015a). In terms of chemical
building blocks derived from the wood, cell wall polysaccharides are the major available
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substrates present. Based on the reduced cellulose crystallinity in the charred oak fraction
of the barrel, we questioned whether exposure to distillate, which is added to the barrel at
exactly 62.5% ethanol at Buffalo Trace Distillery (Frankfort, KY, USA), would cause a
slow but measurable solvent based deconstruction of cellulose from the charred stave.
We found a significant reduction in the cellulose content of the charred portion of
the barrel staves, with 6-9 µg/mg present in the C layer of five-, six- and ten-year-old
barrel staves compared to the 235-317 µg/mg of cellulose found in the C layers of new
staves, the P and R layers of the ten-year-old barrel staves and O layers of all barrel
staves (Fig. 2.5A; P < 0.0001, two-way ANOVA). We also found a degree of variation
between barrels that was not statistically significant.
Given that the thermal degradation occurring in the C layer of the barrel stave is
not uniform, but rather more intense in the interior of the barrel, we hypothesized that the
cellulose content of the C layer after whiskey maturation would also exhibit variation
which was not revealed through our layer-by-layer analysis. We therefore used confocal
microscopy to image a barrel stave stained with Pontamine S4B, generating optical cross
sections of a barrel stave to reveal the presence or absence of crystalline cellulose. A
gradual increase in crystalline cellulose occurred through the C layer which is tracked in
Figure 2.5B (i). We detected no fluorescence in the first 2.2 mm of the C layer, (Figure
2.5B(ii)), beyond the background pixel noise in the micrographs. Using the same
technique but staining with Calcofluor White enables detection of β-1,4-glucans, the
components of cellulose. We found that after charring, the presence of β-1,4-glucans of
the C layer was comparable to the other layers of the stave (Fig. 2.6A) whereas after
aging there was a visible drop in fluorescence detected in the C layer, indicating that
these β-1,4-glucans may be extracted from the wood (Fig. 2.6B).
2.2.5

Hemicellulose Polysaccharides Declined as a Result of Charring

In contrast to the homogeneity of cellulose, hemicellulose constitutes a group of
biopolymers. In hardwoods, hemicellulose comprises around 30% of the cell wall and is
dominated by xylan and glucomannan (Puls 1997, Rowell 2012). The chemical
composition of hemicellulose results in a polymer that is amorphous and more likely than
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cellulose to be chemically and thermally degraded at lower temperatures (~200
°C)(Mohan et al 2006). The term ‘wood sugar’, when used to describe the flavor profile
of whiskey, is generally thought to derive from the hemicellulose present in the barrel
staves.
We carried out a similar suite of analyses for hemicellulose as for cellulose and
found that the charring process reduced neutral sugars as a whole but this reduction was
not significant, specifically when looking at O and C layer of a new barrel (Fig. 2.7).
This result was surprising given the susceptibility of hemicellulose to thermal
degradation. We therefore examined the quantified individual monosaccharides
comprising the total neutral sugars (Fig. 2.8 and Table 2.2) and found that the level of
glucose in the C layer of new barrel staves was higher than that of the O layer
numerically but did not have a statistical separation (Fig. 2.8). We hypothesize that the
glucose found in hemicellulose is being thermally degraded but is then being replaced
with glucose from the decrystallized cellulose in the C layer.
Hemicellulose content was found to decrease as a result of aging, though the
reduction was only significant in the C layer of the ten-year-old barrel (Figs. 2.6-7). The
high level of hemicellulose seen in the six-year-old barrel was numerically but not
statistically different from the hemicellulose level in the C layers of the other aged barrels
(Fig. 2.7). The numerical variation may indicate an underlying complexity to
hemicellulose hydrolysis during whiskey maturation. We believe it is no coincidence that
one of the major carbohydrates found in bourbon whiskey, xylose, is also the
monosaccharide that is present in the largest amount in the hemicellulose of oak
heartwood (Black 1974, Reazin 1981) (Lee et al 2001b). We therefore quantified both
xylose and glucose, the other major carbohydrate found in bourbon whiskey. Figure
2.8A shows that, like hemicellulose as the same pattern appears, charring reduced the
xylose content by a numerical amount with mean amounts of xylose being 141 µg/mg
and 122 µg/mg in O and C Layers, respectively, of new barrel staves (P < 0.0001, twoway ANOVA).
We also saw a significant decline in xylose in the C layer of ten-year-old barrel
staves (Fig. 2.8a). Glucose was significantly reduced in the C layer of the ten-year-old
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barrel staves but not in the C layer of the five- and six-year-old barrel staves (Fig. 2.8B).
The levels observed in the P, R and O layers were not statistically different after charring
and aging (Fig. 2.9). These results indicate that the combined charring and aging
processes play a role in the incorporation of wood sugars into bourbon whiskey. The
remaining hemicellulose sugars measured can be found in Table 2.2. In order to further
technically validate these data, a sulfuric acid hydrolysis method for sugar analyses was
performed (see methods), which provided similar results.
The composition results found above suggested that cellulose and hemicellulose
in American oak barrel staves used for bourbon whiskey production have a different
composition than the native wood (Le Floch et al 2015a). The results also indicated that
cellulose was being degraded in the C layer of the oak cask during whiskey maturation.
Hence, we cross referenced our results using a different method by surveying five
additional new barrel staves and five additional ten-year-old barrel staves. The additional
method used 72% sulfuric acid hydrolysis of barrel material for total glucose content and
4% sulfuric acid hydrolysis for hemicellulose sugar content. Sugars were then separated
by high performance liquid chromatography (HPLC) and detected by pulsed
electrochemical detection (PED).
The findings for cellulose mirrored those obtained by the Updegraff method, in
that charring did not change cellulose content and that whiskey maturation degraded the
content of cellulose found in the C layer of the barrel (Fig. 2.10). Cellulose values in the
O layers of the new and ten-year-old barrel were found to be 288 to 298 µg/mg, similarly
to the previous analysis (Table 2.4 and Fig. 2.10). In contrast to the previous result,
obtained using the TFA method, neutral sugar levels were found to be lower after
charring, with significantly less hemicellulose in the C than in the O layer of a new stave
(Fig. 2.11). Aging led to a further numerical reduction in hemicellulose in the ten-yearold barrel when compared to the new barrel, but this effect was non-significant (Fig.
2.11). These data support a difference in the results of the two methodologies, as found in
prior studies (Albersheim et al 1967, Mäki-Arvela et al 2011, Marzialetti et al 2008).
Figure 2.8 shows that, as with hemicellulose as a whole, charring resulted in a significant
decline in the level of xylose with means of 244 µg/mg and 78 µg/mg in O and C layers
of new barrel staves, respectively (P < 0.0001, two-way ANOVA). Again, xylose
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declined in the C layer of aged barrel staves but not significantly. In contrast, a
significant increase in glucose was induced by charring (means of 56 and 27 µg/mg in the
C and O layers of new barrel staves, respectively) followed by a significant reduction
after aging in the ten-year-old barrel staves which brought the glucose content to 30
µg/mg (Fig. 2.8). The levels observed in the P, R and O layers were not statistically
different after charring and aging (Fig. 2.9). The measured sugar values can be found in
Table 2.3.
2.2.6

A Cellulose Degradation Model System

The results detailed above indicate that cellulose is being broken down during
charring and aging and that its constituent sugars are being transferred to the bourbon
whiskey. An impractical but potentially insightful experiment that could test this
hypothesis would involve observing the fate of radiolabeled cellulose within oak trees
made into barrels. Given the limitations of such an approach we sought to develop a
model system that could be used to test our hypothesis in the laboratory.
We chose wood chips that were milled to sawdust as the model substrate and used
62.5% ethanol as our model spirit. The sawdust was first toasted at 200 °C before the
aging process began. This low toasting temperature was chosen firstly as a way of
emulating a barrel environment without thermally degrading the cellulose in the sawdust
(cellulose is thermally degraded at temperatures between 315 °C and 440 °C (Shen et al
2009)). Charring was not employed as a cultural treatment. Toasting temperatures used in
the cooperage industry are highly variable and depend on both the producer’s preference
and the intended use of the barrel. They range from 47 °C to 235 °C (Chira & Teissedre
2015b), but 200 °C for one hour was deemed a plausible temperature based on a series of
experimental studies (data not presented). The material was treated in this manner to
ensure that any loss of cellulose from the wood could be attributed to a cellulose-ethanol
interaction. In addition, toasting was used in place of charring to ensure reproducibility.
After toasting, the sawdust and the ethanol were then placed in sealed glass
vessels and maintained at 55 °C in order to quicken the aging process to a time period
conducive to study. Our aim for this study was two-fold. Firstly, we wished to examine
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any correlation between the cellulose content in a model substrate and the glucose
content of an aged model spirit. Secondly, we hoped to investigate whether the amount of
cellulose present in the substrate affected the rate or the total amount of glucose released
over time. In order to achieve our second goal, we modified the cellulose content of the
model substrate using a cocktail of endo- and exoglucanases prior to toasting and aging.
We then measured the glucose content of the model spirit solution every 30 minutes for
the first 180 minutes of the aging process and then once per day for 14 days (Fig. 2.12
A,B).
At the start of the experiment, both sawdust treatments produced model spirits with
similar amounts of glucose (Fig. 2.12A). However, after 60 min the model spirits began
to diverge, with the difference in the level of glucose increasing for the entire 180 min
period. Differences peaked at two days (Fig. 2.12B), when the model spirit aged with
buffer-treated sawdust had more than 2.5 mg/g of glucose, while the model spirit aged
with saccharified sawdust had less than 1.5 mg/g of glucose. The glucose content of the
model spirit aged with buffer-treated sawdust then began to decline until Day 11, where it
appeared to level off at 1.5 mg/g. This decline may be due to the breakdown of glucose
via catalysis, which results in a variety of compounds not measured here (Alañón et al
2010, Ding et al 2015). The glucose content of the model spirit produced by the
saccharified sawdust remained relatively constant after the initial increase to
approximately 1.3 mg/g. After the experiment, the cellulose content of the sawdust was
measured again, and both treatments revealed a similar magnitude of reduction in
cellulose (Fig. 2.12C).
2.3

Discussion
The cultural practices employed in the bourbon whiskey industry expose barrel

staves to environmentally variable conditions. Months of weathering followed by periods
of steaming, toasting and charring, culminating in years of whiskey maturation, produces
barrel staves that bear little resemblance to their parent tree. Herein, we examined the
chemical composition of bourbon whiskey barrel staves at different stages on the
production line. We found that both the cellulose and the hemicellulose of the barrel
stave were affected by charring and aging in a quantitative manner and as a function of
22

their interaction with distillate. We also developed a model spirit maturation system in
the laboratory to validate that cellulose is extracted during the aging process and
contributes to the glucose-based building blocks within the aged distillate. We conclude
that cell wall sugars are a major source of building blocks in bourbon whiskey.
The synthesis of cellulose, a biopolymer bound tightly by inter- and intra-molecular
hydrogen bonds and van der Waals forces, results in anisotropic cellular expansion,
leading to the upright growth of a tree. Due to its paracrystalline structure, cellulose is
recalcitrant to chemical and enzymatic degradation, a property which has led to the
assumption that this biopolymer is not broken down and released during whiskey
production (Alañón et al 2010). Our data did not support this assumption. Rather, we
demonstrated that the crystallinity of cellulose in the barrel staves was reduced by the
charring process. A comparison of the C layer and the O layer of a new barrel stave
indicated that pyrolytic disruption is responsible for a reduction in RCI (Fig. 2.3).
In Figures 2.3-2.5 we showed that aging further reduced cellulose crystallinity in
addition to reducing the cellulose content in the C layer. The weakly acidic environment
created by the whiskey may be sufficient to cause the secondary reduction in cellulose
crystallinity over extended periods of time. We hypothesize that once broken down, the
cellulose may be transferred from the barrel stave into the distillate as a result of seasonal
temperature fluctuations which cause the bourbon whiskey to expand into and contract
from the barrel staves, drawing with it the constituents of cellulose from the C
layer(Minnick 2013). The loss of cellulose from the C layer after time-dependent
exposure to distillate contrasted with the presence of cellulose in the C layer in a new
barrel. One possible explanation of the preservation of the cellulose in the C layer of a
new barrel stave is that charring partially decrystallizes the cellulose microfibrils but does
not denature them. The heating rate of the stave during charring and steaming may also
be slightly buffered by the dimensions of the stave. Within barrel staves, the effects of
pyrolysis decrease with larger material, which generally causes fragmentation of the cell
wall, rather than other pyrolysis reactions from the deconstruction of the material (Neves
et al 2011). Variables may also influence cellulose breakdown, such as maturation
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conditions, the position of the barrel within the rickhouse, natural variation among barrel
staves or subtle differences in the original distillate.
Interestingly, we found the O layer of barrel staves comprises 30% cellulose,
whereas the reported cellulose content of white oak is 42% (Le Floch et al 2015a), and
we found that oak staves from a stave maker (Independent Stave, Lebanon, KY) that had
not undergone steaming and charring were also 42% cellulose. Though we cannot be
certain of how the cellulose in the O layers of the barrel staves is being degraded, it is
feasible that it is due to the effect of barrel processing and whiskey maturation. Firstly,
barrel staves are weathered for up to 36 months (24 months at Buffalo Trace Distillery)
and then bent into shape using steam at a temperature and duration that varies with
producer. Steaming is known to alter the cell wall biopolymers in wood and the
susceptibility of cellulose to enzymatic/acidic saccharification (Auxenfans et al 2017).
Therefore, steaming alone could be sufficient to cause a reduction in the recalcitrance of
cellulose, and the combined effects of weathering and steaming could alter the
composition of the oak in the barrel staves (Auxenfans et al 2017, Lionetto et al 2012,
Stamm 1956). There are also biotic and abiotic factors that occur during aging and that
could contribute to this alteration (Ge et al 2017). Finally, the cellulose in the O layer
may be available to the whiskey molds that grow on the exterior of the barrels and in and
around rickhouses (Scott et al 2007). Future work is needed to explore these hypotheses.
The pattern of degradation of hemicellulose was found to be different to that of
cellulose. In Figure 2.7 we show that overall, hemicellulose was degraded during the
maturation process, and a more complex pattern of deterioration emerged from whiskey
maturation, rather than a simple loss over time that was expected from previous work on
carbohydrate accumulation in bourbon whiskey (Black 1974, Reazin 1981).
Hemicellulose decreased during aging, to an extent that was significant in the ten-yearold barrel C layer when compared to the new C layer. As during whiskey maturation, the
volume in the barrel decreases, and it is plausible that hemicellulose hydrolysis is not
uniform across the barrel (Mosedale 1995b). However, when examining glucose alone,
we saw a numerical increase in levels of the C layer of a new barrel that was not
statistically significant. This could be explained by pyrolysis resulting in the reduction of
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cellulose crystallinity, yielding a more amorphous glucose polymer that could be
degraded by a dilute acid (Zhao et al 2006). Prior research has shown that under thermal
analyses, degradation dynamics of hemicellulose and cellulose differ, with the weight
loss of hemicellulose occurring at 220–315 °C compared with 315–400 °C for cellulose
(Yang et al 2007). Thus, after charring we may see the formation of a number of
hemicellulose breakdown products such as furans and acetic acid (Patwardhan et al
2010).
The pattern of degradation of hemicellulose was found to be complex as values
differed across the two neutral sugar quantification methods, TFA and sulfuric acid, but
similar trends emerged. As outlined above, many factors could influence the
carbohydrate composition of barrel wood in which hemicellulose would be altered.
Therefore, the variation observed in the levels of hemicellulose could partially be
explained by stave-to-stave variation from the barrel production process or alternatively,
by a difference in hydrolysis conditions resulting from the different acids used (MäkiArvela et al 2011). Sulfuric acid hydrolysis can be problematic as the process can destroy
the extracted sugars. TFA, however, does not have this risk, but rather, incomplete
hydrolysis can occur (Albersheim et al 1967, Marzialetti et al 2008). The difference
between the acids used in the two methods may explain why the levels of rhamnose,
arabinose, galactose, glucose and mannose were higher in the data generated by TFA
hydrolysis, while xylose levels were higher after sulfuric acid hydrolysis.
The difference in the degradation dynamics of the two biopolymers may be due to
their structure. Cellulose has a secondary crystalline structure which increases its thermal
stability compared to the relatively amorphous hemicellulose (Yang et al 2007).
Therefore, under particular thermal conditions, hemicellulose will be degraded into a
variety of products, while cellulose will lose its crystallinity but the polymer will remain
intact (Broido et al 1973, Wang et al 2013, Yang et al 2007). However, the temperature
range under which these changes would occur is limited. Though it is possible that barrel
charring occurs within this temperature range, we do not yet fully understand how the
heat is transferred through barrel staves during this process.
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Our data suggest that wood derived cell wall sugars are quickly liberated from the
more complex polysaccharide pools in the C layer of the oak. This sugar release occurred
in two categories: 1) cellulose was decrystallized by charring and degraded after
interaction with distillate, and 2) hemicellulose was degraded by whiskey maturation,
though the degradation was significant only in 10-year-old barrels. Using a model barrel
system, we demonstrated that it is possible that these wood sugars enter the whiskey and
then are likely broken down catalytically into a variety of compounds that have been
previously studied (Mäki-Arvela et al 2011). By extrapolating the sugar units present in
the C layer, defined as the innermost 2.2 mm (Fig. 2.5B(ii)), we found that the quantity
of glucose building blocks that could be released from an oak cask into the whiskey held
within is equivalent to 300 g from the C layer alone. This amount would result in 1.3 g/L
of glucose for a standard sized barrel - a greater amount than estimated in previous
indirect studies (Black 1974, Reazin 1981). This difference may be explained by the
acidification of whiskey that occurs during maturation (Reazin 1981). Acidification of an
ethanol solution produces a reaction environment that allows the esterification of
cellulose. The esterification of cellulose with ethanol can produce an ethyl-glucoside
product that first degrades to become 5-hydroxymethylfurfural and then further degrades
to myriad other compounds in an ethanol environment (Alañón et al 2010, Chang et al
2012, Ding et al 2015, Johansson et al 2001). However, this reaction has not been shown
to occur in a whiskey solution.
The data presented here indicate that hemicellulose and cellulose are released from
oak barrels during cultural treatment and whiskey aging respectively. Our results may
provide an explanation as to why congeners change when barrels are re-used for scotch
whisky or other end uses, as the carbohydrate pools appear to be depleted during bourbon
whiskey aging (Reazin 1981). Hemicellulose content in the C layer of the barrel yielded
results that are difficult to interpret, with levels of individual monosaccharides varying
with the method used. This variability may indicate that hemicellulose hydrolysis is more
complex in bourbon whiskey maturation than simple extraction over time or that the
variation within barrel material exceeds the limit of our sampling and analytical methods.
These results were produced from barrels that were aged in Frankfort, KY, USA over ten
years and are not the product of a controlled laboratory experiment. Thus, these data
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reveal where variation exists between barrel staves, consistent with cooperage production
practices that use staves from different silvicultural zones.
Barrels by their production process exhibit considerable variation and have been a
topic of much discussion in the literature and in the alcoholic beverage production
industry. Barrel variation is a product of the combined effects of natural variation in
individual oak trees, environmental variation affecting forests, variation in weather
during the stave seasoning period, non-uniform charring and toasting procedures, and
variation in temperature within the rickhouse during maturation (Collins et al 2015,
Doussot et al 2002, Marco et al 1994, Prida & Puech 2006, Spillman et al 2004, Vivas
1997). Our ability to understand how these factors affect the final product is impeded by
the lack of information regarding the chemical processes that occur during whiskey
maturation, and it is the goal of this study to provide some fundamental data on processes
at play in the oak barrel during whiskey aging (Reazin 1981).
2.4

Materials and Methods
2.4.1

Chemicals

All chemicals and reagents used were of analytical grade or higher. Chemicals
were obtained from Sigma Aldrich (St Louis, MO) as applicable.
2.4.2

Wood Samples

In order to investigate the effect of whiskey maturation on barrel staves, samples
of wood were taken from new staves that had been constructed into a barrel, then
disassembled (provided by the Independent Stave Company, LLC) or staves that had
been part of a barrel used to age whiskey (provided by Buffalo Trace Distillery,
Frankfort, KY). All staves were composed of American white oak (Quercus alba) and
processed using the same methods prior to barrel construction. A total of five staves were
sampled per treatment with the ten-year-old staves originating from two different barrels
and five new staves. Sampling also included another barrel that aged bourbon for six
years along with a five-year-old barrel that had been used to age rye whiskey; these
barrels were sampled by scraping off the C and O layers of five barrel staves instead of
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breaking them down. For proprietary reasons it is not possible to disclose the exact mash
bill for the distillate stored in the barrels. Both charring and aging modify the wood of the
barrel stave. However, the degree to which the wood is modified depends firstly on the
distance from the charred interior of the barrel and secondly on the depth to which the
distilled spirit penetrates the stave. Since charring is a highly regulated procedure, the
depth of the C layer is fairly uniform across all staves. However, the penetration of the
distilled spirit varies greatly among staves and even within a stave. Though highly
variable, this depth is easily tracked by the red line that is produced in the stave (Fig.
2.1), here referred to as the R layer. Therefore, unlike previous work, we did not sample
the staves based on depth. Rather, a 20 cm long section of each layer (see Fig. 2.1) was
shaved off using a wood gouge (Pfeil #7, 35mm) according to the methods described by
Doussot et al. (Doussot F 2002). The samples were then dried for 24 hours at 100 °C and
homogenized using a grinder equipped with a 1 mm sieve (Arthur H. Thomas Co.
Scientific, Phila, PA).
2.4.3

Quantification of Hemicellulose Content via TFA

The hemicellulose fraction of each sample was determined by 2 N trifluoroacetic
acid hydrolysis at 121 °C for 1 hr followed by HPLC separation and detection by PED
according to Foster et al., Rocklin and Pohl, and Rocklin et al. (Foster et al 2010, Rocklin
et al 1998, Rocklin & Pohl 1983). Approximately 5mg of barrel alcohol insoluble
material was subjected to TFA hydrolysis conditions previously described, with the
addition of glucosamine as an internal standard. The resulting monosaccharides from the
hydrolysis were then quantified with a correction of response factors from
monosaccharide standards of different concentrations to allow area to be converted to
molar amounts. The monosaccharides measured were normalized to the amount of barrel
material used in the sample preparation.
2.4.4

Cellulose and Neutral Sugars Analysis via Sulfuric Acid Hydrolysis

Barrel samples were digested by sulfuric acid hydrolysis as described by Yeats et
al.(Yeats et al 2016). Neutral sugars were separated by high-performance liquid
chromatography (HPLC) coupled to pulsed electrochemical detection (PED)(Rocklin et
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al 1998, Rocklin & Pohl 1983). Samples (25 µL) were separated on a CarboPac PA1
column (Thermo Fisher Scientific, Waltham, MA, USA). The CarboPac PA1 guard
column and analytical column were 50 and 250 mm long, respectively, and both had an
internal diameter of 4 mm. The HPLC employed was an ICS-5000+ model (Thermo
Fisher Scientific). The HPLC method was based on that of Downie and Bewley (Downie
& Bewley 2000), with the following modifications: the flow rate was 0.8 mL/min; the
column temperature was 26 °C; sugars were eluted isocratically with 22 mM sodium
hydroxide (NaOH) for 36 min; and the column was subsequently washed for 6 min with
200 mM NaOH in 1 M sodium acetate, flushed 12 min with 200 mM NaOH, and reequilibrated for 13 min with 22 mM NaOH. Sugars were identified by comparing peak
retention times with those of the commercial standards: fucose, rhamnose, arabinose,
galactose, glucose, mannose, and xylose (Sigma-Aldrich, St. Louis, MO, USA). Peaks
were integrated with Chromeleon 6.8 software (Thermo Fisher Scientific). Sugars were
quantified with calibration curves of 0.05 to 5 µg/mL of each standard. For glucose,
dilutions ranged from 0.05 to 10 µg/mL.
2.4.5

Confocal Microscopy

Dried wood samples stained with Calcofluor and Pontamine S4B were mounted
in culture dishes with a coverslip bottom (MatTek). Once mounted, stave samples were
imaged in darkness, after being exposed to Calcofluor White for 5 min (Herth & Schnepf
1980). Imaging was performed on an Olympus FV1000 laser scanning confocal
microscope using a 60X N.A 1.4 water-immersion objective. The microscope is equipped
with lasers for excitation wavelengths ranging from 405–633 nm; Calcofluor White was
visualized at 405 nm. All image processing was performed using Olympus Fluoview
software (Olympus) and ImageJ (W. Rasband, National Institutes of Health, Bethesda,
MD). Relative fluorescence was calculated by measuring pixel density in ImageJ.
2.4.6

Quantification of Cellulose Crystallinity by X-Ray Scattering

Samples consisted of biomass that had been oven-dried at 60 °C for 36 hours.
Tissue was then homogenized using a grinder equipped with a 1 mm sieve (Arthur H.
Thomas Co. Scientific, Phila, PA). Biomass samples were then contained in a custom29

built Biomass Crystallinity sample holder of pressed boric acid as described in Harris et
al. (Harris & DeBolt 2008). A Bruker-AXS Discover D8 Diffractometer (Bruker-AXS
USA, Madison, WI) was used for wide angle X-ray diffraction with Cu Ka radiation
generated at 30 mA and 40 kV. The experiments were carried out using Bragg-Brentano
geometries and diffractogram data were collected between 2° and 70° or 2° and 40° (for
samples with little baseline drift), with 0.02° resolution and 2 s exposure time interval for
each step (run time, 2 h). The data analysis was carried out using the calculation for
relative crystallinity index. Data were examined in Diffrac-Plus-XRD Commander
(BrukerAXS, Karlsruhe, Germany), EVA and TexEval (Bruker-AXS, Karlsruhe,
Germany) software.
2.4.7

Model Maturation System

Quercus alba heartwood was purchased from a commercial supplier. This wood
was milled to a particle size of 250 μm and washed with a citrate buffer (0.05 M, pH 4.8)
or a citrate buffer and an enzymatic cellulase solution at 0.3%. The sawdust solution was
incubated at 50 °C for 72 hours to remove cellulose under agitation. After digestion, the
glucose content of the solution was measured. Digested wood chips were strained using a
wood mesh and washed with deionized water until no glucose could be detected. Washed
wood chips were dried in an oven for 24 h at 50 °C then toasted at 200 °C for 1 h. After
toasting, 10 g of wood chips were placed a jar with 200 mL of 62.5% ethanol. Jars were
placed in an incubator at 55 °C and shaken at 100 rpm. Glucose content was measured at
30-minute intervals over 360 minutes. This series of measurements was repeated every
24 hours over 14 days. Glucose content was determined using a glucose analyzer that had
been calibrated with a glucose standard curve.
2.4.8

Colorimetric Analysis of Cellulose Content

Samples were incubated at 70 °C with 70% ethanol for one hour a total of three
times resulting in the production of alcohol insoluble residue (AIR). Five milligram
samples of AIR were then boiled in acetic-nitric acid reagent (with a ratio of acetic
acid:nitric acid:water of 8:1:2) for 30 min. The resulting material was washed three times
with 8 mL water and 4 mL of acetone and dried under a vacuum for 48 hours. Samples
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were then hydrolyzed in 67% sulfuric acid for one hour (Updegraf.Dm 1969). The
glucose content was determined using the anthrone method (Updegraf.Dm 1969). Briefly,
20 µL of sulfuric acid hydrolyzed sample was mixed with 500 μL water to 1 mLof 0.3%
anthrone with concentrated sulfuric acid on ice. Absorbance was then measured at 620
nm using a spectrophotometer (Bio-Mate Thermo Fisher Scientific, Waltham, MA). The
cellulose content was calculated by multiplying the measured glucose concentration of
each sample by the total volume of the assay and then by a hydration correction factor of
0.9 to correct for the water molecules added during hydrolysis of the cellulose polymer.
2.4.9

Statistical Analysis

Data were subjected to a two-way ANOVA test using JMP 11. Means were
separated using a Tukey’s Multiple Comparison Test at alpha = 0.05. The software
JMP®, Version11. SAS Institute Inc., Cary, NC, 1989-2007 was used for all statistical
calculations.
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Table 2.1 Relative Crystallinity Index (RCI) of the P, R, and O layers of a ten year old
barrel.

New Barrel
O layer
10- year old barrel
P layer
R layer
O layer

Relative Crystallinity
Index Mean (%)

Std Error

59.54

.04

60.19
59.55
59.24

0.02
0.27
0.26

The RCI of the P, R and O Layers of the ten-year-old barrel were not different from each
other or from the O layer of the new barrel. The mean is calculated from three replicates.
Std Error = standard error.
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Table 2.2 Barrel Oak Neutral Sugar Composition as Determined by Digestion with Trifluoroacetic Acid
Rhamnose
(μg mg-1)
Laye
r

Arabinose
(μg mg-1)
Std
Err

Galactose
(μg mg-1)
Mean

Std
Err

Glucose
(μg mg-1)
Mean

Std
Err

Xylose
(μg mg-1)
Std
Err

Mean

Std
Err

Total sugar
(μg mg-1)

Mean

Std
Err

Mean

0C

4.4

1.2

2.8

1.4

19.7

5.4

77.5

5.9

122.1

10.7

18.2

4.06

245.6

15.7

5C

0.9

0.1

0.5

0.2

6.0

0.7

50.3

12.0

68.1

15.1

6.1

1.29

132.4

20.2

6C

1.7

0.4

1.6

0.8

21.2

8.2

63.7

11.4

110.9

13.9

16.9

0.86

216.8

26.5

10C

0.6

0.3

1.5

1.0

7.5

6.0

28.6

8.8

52.9

16.5

3.3

2.81

95.1

31.5

10p

9.3

0.9

6.9

0.5

88.6

13.0

53.8

5.9

108.8

7.1

7.1

2.19

275.5

22.5

10R

8.2

0.7

8.3

0.5

74.2

9.8

49.5

8.3

103.5

8.5

7.3

2.00

252.0

23.3

0O

9.0

1.4

7.3

1.5

80.1

11.1

65.5

7.8

141.2

14.6

13.6

2.07

318.3

24.6

5O

7.3

1.0

7.8

1.1

53.5

5.1

52.5

5.7

140.1

11.7

13.9

1.77

276.6

21.7

6O

8.8

0.9

6.6

1.3

53.6

9.1

57.5

6.5

156.7

12.0

21.0

5.18

305.4

24.1

10O

5.5

1.1

7.7

1.6

49.9

8.1

55.3

6.8

175.8

21.8

9.3

2.73

304.8

28.8
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Mean

Mannose
(μg mg-1)

Mean

Std
Err

Table 2.3 Barrel oak Neutral Sugar Composition as Determined after Digestion with Sulfuric Acid

Year

Layer

Rhamnose
(μg mg-1)
Mean

0
10

C
O
C
P
R
O

0.1
5.6
0.0
8.1
7.4
7.1

Std
Err
0.1
0.8
0.0
0.9
1.0
0.9

Arabinose
(μg mg-1)
Mean
0.9
8.3
0.2
8.8
12.3
8.1

Std
Err
0.5
1.4
0.2
1.3
0.9
0.5

Galactose
(μg mg-1)
Mean
8.8
41.1
0.6
55.3
40.0
37.6

Std
Err
3.8
7.9
0.6
9.0
3.9
3.5

Glucose
(μg mg-1)
Mean
56.1
27.9
30.7
26.2
26.9
26.9

Std
Err
9.8
4.7
7.1
4.0
5.9
3.6

Mannose
Mean
3.2
5.3
0.4
10.4
10.2
9.5

Std
Err
2.2
1.2
0.4
3.9
4.0
3.9

Xylose
Mean
78.6
244.5
20.8
256.4
291.6
300.6

Std
Err
31.5
18.1
12.2
25.7
31.5
25.4

Total sugars
Mean
148.0
333.0
52.9
365.5
388.5
390.0

Std
Err
37.4
25.4
19.6
28.3
40.0
30.1

Observed mean values of rhamnose, arabinose, glucose, galactose, xylose, mannose and total sugars reported as μg per mg of barrel
material. Monosaccharide values were obtained after digestion with sulfuric acid and separation by HPLC-PED. Values represent the
mean of 10 replicates. Std Err = standard error
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Table 2.4 The Cellulose Content of Barrel Staves Obtained after Digestion via Sulfuric
Acid
Year
0.00
10.00

Layer
C
O
C
P
R
O

Cellulose (μg mg-1)
Mean
Std Err
272.5
20.2
288.2
24.7
18.4
6.6
269.3
25.6
272.9
32.4
298.0
24.5
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Table 2.5 The Cellulose Content of the C and O Layers of a New Barrel, a Five Year old
Barrel, and a Six Year Old Barrel, and the C, P, R, and O Layers of a Ten year Old
Barrel.
Year

Layer

Cellulose
(μg mg-1)
Mean

0
5
6
10

Std Err

C

308.0

19.0

O

317.0

20.8

C

6.2

2.3

O

260.4

25.5

C

9.1

4.6

O

270.5

27.5

C

6.8

2.6

P

235.9

18.9

R

235.2

21.2

O

247.7

31.6

These values were obtained using the Updegraff method and are presented as micrograms
of cellulose per milligram of barrel material. Std Err = standard error.
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Figure 2.1 The Composition of a Bourbon Whiskey Barrel
Diagrams showing a stylized bourbon whiskey barrel (scale bar: 15 cm), a cross section
of the charred barrel interior and a stave. The sampling scheme highlights the charred
surface of the barrel stave (C); the inner portion of wood, which undergoes thermal
degradation and distillate penetration (P); the red line (R), which indicates the depth to
which the distillate penetrated the stave; and the outer portion of the stave (O). Note that
the thickness of the red line and its distance from the outside of the stave vary both within
the stave and among staves.
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Figure 2.2 The Physical Appearance of Barrel Staves is Altered as a Result of Whiskey
Maturation
A-B A newly charred stave showing the wood grain and the C layer. C A barrel stave that
has undergone the aging process exhibits the R layer. This image also shows the croze
groove (indicated by the arrow) in which the barrelhead is placed in a finished barrel. D
The depth of the R layer varies considerably in both distance from the outside of the stave
and thickness within each barrel stave and among staves.
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Figure 2.3 Cellulose Crystallinity is Reduced as a Result of Charring
The crystallinity of cellulose in the C layer and the O layer was measured by X-ray
scattering in a new barrel (A) and a ten-year-old barrel (B). The C layer of both barrels
shows a significant reduction in relative crystallinity. The relative crystallinity of the O
layer was similar in both the new barrel and the ten-year-old barrel, whereas the
crystallinity of the C layer was significantly lower in the ten-year-old barrel (TukeyKramer multiple comparison test, P < 0.05, n=3; different letters denote significant
differences).
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Figure 2.4 β-1,4-glucans and Crystalline Cellulose are Disrupted by Charring and are
Eliminated after Aging from the C Layer
Confocal microscopy images of the C layer stained with Calcofluor White to show β-1,4glucans (A, C, E) and Pontamine S4B to show crystalline cellulose (B, D, F). Panels A
and B show the presence of β-1,4-glucans and crystalline cellulose in the C layer before
the stave has been charred. Panels C and D show that disruption of β-1,4-glucans and
crystalline cellulose occurred during charring. In panels E and F, no fluorescence was
detected, indicating a loss of β-1,4-glucans and crystalline cellulose from the C layer
following aging.
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Figure 2.5 Cellulose is Lost from the C Layer after Aging
A. The cellulose content of the C and O layers of a new barrel, a five-year-old barrel and
a six-year-old barrel, and the C, P, R and O layers of a ten-year-old barrel were measured
using values that were obtained by the Updegraff method and are presented as
micrograms of cellulose per milligram of barrel material. A Tukey-Kramer multiple
comparison test was used to determine statistical significance (n=12; different letters
denote statistically significant differences at P < 0.05; error bars indicate standard error).
B. The cellulose content gradually increases with distance from the charred interior of the
ten-year-old barrel stave. Confocal microscopy image using Pontamine S4B to stain
crystalline cellulose (i). The lack of crystalline cellulose in the C layer can be seen by the
absence of fluorescence. Relative fluorescence was measured across the image showing a
gradual increase in crystalline cellulose with distance from the charred interior (ii).
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Figure 2.6 Glucans Content Across a Barrel Stave Visualized Through Confocal
Microscopy
Cross sections of barrel staves were stained with Calcofluor White. A The fluorescence
captured from a new barrel stave is fairly consistent through the stave indicating that
glucose levels are similar throughout. B The C Layer exhibits less fluorescence than the
P, R and O layers of the ten-year-old stave indicating that this layer has less glucose.
Scale bar = 100μm.
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Figure 2.7 Hemicellulose Content Declines during Aging in the C Layer
For the C and O layers of a new, five-, six-, and ten-year-old barrel, and for the P and R
Layers of a ten-year-old barrel, neutral monosaccharides were measured by HPLC-PED
after hemicellulose hydrolysis with TFA. Bars represent the sum of all measured
monosaccharides. Charring induced a slight reduction in hemicelluloses which was not
statistically significant. Whiskey maturation appears to have a greater effect on the
hemicellulose content with the C layer of the ten-year-old barrel exhibiting a significant
reduction compared with a new barrel stave. A Tukey-Kramer multiple comparison test
was used to determine statistical significance (n=12; different letters denote statistically
significant differences at P < 0.05; error bars indicate standard error).
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Figure 2.8 The Effect of Charring and Aging on the Xylose and Glucose Content of
Barrel Staves
The xylose and glucose content of the C and O layers of new, five- and six-year-old
barrel staves and the C, P, R and O Layers of staves from a ten-year-old barrel were
measured using HPLC-PED after hydrolysis with TFA. A. Xylose content was unaltered
by charring and showed a significant decrease after ten years of aging with distillate. B.
Glucose levels were unaltered by charring as well, although the C layer of the new barrel
was numerically higher in glucose than the O layer. Aging led to a reduction in glucose in
the C Layer of the ten-year-old barrel. Different letters indicate statistically significant
differences (Tukey-Kramer multiple comparison test, P < 0.05, n=12).
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Figure 2.9 Hemicellulose Content Declines as a Result of Charring in the C Layer
The total neutral monosaccharides content of the C and O layers of a new barrel and the
C, P, R and O layers of a ten-year-old barrel using HPLC-PED after hydrolysis with 4%
sulfuric acid by taking the sum of all measured monosaccharides (Fig. 2.5).
Hemicellulose values from sulfuric acid hydrolysis indicate that charring significantly
reduced the hemicellulose content. There is a further reduction following aging though
this is not statistically significant. Hemicellulose content was not reduced by whiskey
maturation in the P and R layers of the barrel. Hemicellulose concentrations in the P, R
and O layers in the ten-year-old barrel were higher than those found using the TFA
method. Different letters indicate statistically significant differences (Tukey-Kramer
multiple comparison test, P < 0.05, n=10).
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Figure 2.10 Cellulose is Lost from the C Layer after Aging
The cellulose content of the C and O layers of a new barrel and the C, P, R and O layers
of a ten-year-old barrel were measured using sulfuric acid digestion followed by glucose
quantitation via HPLC-PED. Values presented in are μg per mg of barrel material.
Measured cellulose content gave a result similar to that determined by the Updegraff
method, namely, that the cellulose content of the C layer is unaltered by charring.
Different letters indicate statistically significant differences (Tukey-Kramer multiple
comparison test, P < 0.05, n=10).
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Figure 2.11 The Effect of Charring and Aging on the Xylose and Glucose Content of the
Barrel
A. The total neutral monosaccharide content of the C and O layers of new barrel staves
and the C, P, R and O layers of staves from a ten-year-old barrel were measured using
HPLC-PED after hydrolysis with 4% sulfuric acid. A. Xylose content was significantly
reduced after charring (P<0.001) and there was a further loss after aging with distillate
however this was not a significant reduction. The xylose content measured using this
method was greater than that found using the TFA method indicating that incomplete
hydrolysis of the xylans in oak hemicellulose may have occurred when using the TFA
methods. B. Charring induced the opposite effect on glucose levels, with the C layer in
the new barrel exhibiting significantly higher levels of glucose than the O layer. The
measurements indicate that charring produces a spike in the glucose content in the C
layer of new barrel staves which is subsequently degraded by whiskey maturation.
Glucose concentrations were similar but generally lower than those found when using the
TFA method, indicating that sulfuric acid degraded some of the glucose during
hydrolysis. Different letters indicate statistically significant differences (Tukey-Kramer
multiple comparison test, P < 0.05, n=10).
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Figure 2.12 A Model Experiment Demonstrates that the Source of the Glucose Found in
the Distillate is Cellulose
A. Levels of glucose in a model distillate were measured every 30 min for 180 min
during aging with a model substrate (wood chips) that had been treated with either a
control solution (citric acid buffer; black dots) or a glucanase cocktail (white dots) (error
bars are SEM). After 60 min, the level of glucose in the distillate interacting with the
wood chips with reduced cellulose content was significantly lower than the control and
remained so throughout the experiment. While not shown the treatment and control were
statistically different with a 95% confidence interval at all time points. B. The above
experiment was carried out for a further 14 days, during which time the glucose levels of
each of the model spirits were measured daily. In the system with the low-cellulose
model substrate, glucose was significantly lower than in the control system throughout
the experiment. While not shown the treatment and control were statistically different
with a 95% confidence interval at all time points except at day 11. C. Levels of cellulose
in the model substrate that had been treated with a control solution (citric acid buffer;
black bars) or a glucanase cocktail (white bars) before and after aging with a model
distillate. The level of cellulose in the substrate treated with the glucanase cocktail was
significantly lower than that of the control, and the levels of cellulose in both treatments
showed a significant reduction after aging with the model spirit (Tukey-Kramer multiple
comparison test P < 0.05, n = 6).
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CHAPTER 3. BOURBON WHISKEY BARRELS: LIGNIN AND AROMA
3.1

Introduction
The genus Quercus, commonly known as oak has unique physical and chemical

properties that make it desirable for the production of barrels. These properties are
conferred by the constituent biopolymers and extractable compounds of the wood which
enable the barrels to retain liquids in addition to infusing the solution held within with
flavor-enhancing compounds. These biopolymers and extractable compounds are
transformed through the cultural practices of cooperage and whiskey maturation and,
therefore, impart different flavors depending on the methods employed(Farrell et al 2015,
Gougeon et al 2009).
Oak for cooperage must be taken from a particular part of the tree to ensure a
high-quality product. This is of note as the heartwood found in oak has a different
composition of the biopolymers and tannins than the younger sapwood of the
tree(Chuteira & Grão 2012). The composition of the cell wall in oak heartwood in barrels
with the extractable fraction removed is 28% hemicellulose, 39% cellulose and 35%
lignin(Jia et al 2017, Vivas et al 1998) – the primary constituents of the cell
wall(Wiedenhoeft & Miller 2005). The extractable fraction of the heartwood also
comprises volatile chemicals such as terpenes, wax-rich tyloses, and hydrolysable
tannins, which make up 5% of the weight(Mosedale & Savill 1996, Sefton et al 1990).
Composed of three phenolic monomers that form a heterogeneous polymer
assembled by radical reactions in the secondary cell wall apoplast, lignin confers
hydrophobic properties to barrel staves, allowing for the transport of liquids through the
tracheal cells(Klauditz 1952). The biosynthesis of lignin produces polymers that are
incredibly difficult to degrade, with motifs that vary throughout. Each motif reacts
differently to the chemical and thermal degradation that occurs during barrel modification
and whiskey maturation(Piggott et al 1989). Lignin also imparts some of the most notable
and impactful flavors in whiskey such as smoke, fruit and cream(Lee et al 2001b);which
may be derived from either the grain or the barrel.
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Grain-derived lignin compounds can be amplified by smoking the grain, a
practice that is used during the malting process in the production of scotch whiskey to
control the germination of barley. Though grain-derived lignin plays a role in shaping the
flavor of bourbon whiskey, the majority of lignin in this beverage comes from the barrel.
This barrel-derived lignin is made available to the maturing spirit as a result of the
cultural practices employed in bourbon whiskey barrel production. Firstly, barrel staves
are seasoned outside, exposed to the elements which leads to a reduction in hydrolyzable
tannins through leaching and an increase in aromatic compounds due to macromolecular
degradation, a process that is influenced by microorganisms(Cadahia et al 2001, Doussot
et al 2002, Vivas 1997). During the construction of the barrel, staves are steamed to allow
the formation of a cylindrical shape; the duration of the steaming and temperature of the
steam however are trade secrets. Once the barrel is constructed it is then charred.
Charring, a form of fast pyrolysis(Mohan et al 2006), is achieved by the direct application
of a natural gas flame to the inner surface of the barrel for 15 to 45 seconds(Mosedale &
Puech 1998), resulting in a range of charring grades. Both steaming and charring result
in the application of intense heat to the barrel wood, and therefore likely affect the
components of the plant cell wall.
Applying a thermal treatment, such as toasting, to lignin promotes the production
of vanillic acid, syringic acid, and ferulic and phenolic aldehydes(Puech et al 1992). Mild
thermal treatments lead to the production of the compounds coniferaldehyde and
sinapaldehyde by the cleavage of the aryl-alkyl ether bonds of the terminal unit in
lignin(Sarni et al 1990). If the thermal energy applied to this reaction is increased, it
results in the oxidative cleavage of the aliphatic chains double C-C bond, yielding the
benzoic aldehydes, vanillin and syringaldehyde(Sarni et al 1990).
The reactions following toasting as described above are also relevant to the wine
industry, as wine is aged in toasted oak barrels. Although only some barrels used in the
production of bourbon whiskey are toasted, they are all charred. The charring process
generates compounds that are more related to that of burnt wood resulting in aged spirits
with high amounts of syringyl units and other phenolic compounds such as cresol,
ethylphenol, and eugenols. Additionally, charring induces the degradation of
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carbohydrates leading to the production of compounds such as furfural. The degradation
of hemicellulose also produces acetic acid and various furans, whereas the degradation of
lignin leads to the production of cresol and lignin monomers(Mullen & Boateng 2010,
Zhou et al 2017).
Smokey, spicy, and vanilla are commonly used descriptors for the flavor of this
oak barrel-aged spirit(Lee et al 2001b). If we can improve our understanding of the
processes that give rise to these flavors, the quality and consistency of the product could
be improved. Herein, we seek to explore how charring and aging effect the degradation of
lignin in barrel staves in an attempt to understand barrel lignin-derived flavors that are so
important for bourbon whiskey production.
3.2

Results
In the spirit industry, lignin has been hypothesized to be critical for barrel integrity,

and to prevent the liquid inside the barrel from leaking out of the barrel. Lignin has also
been shown to be the source of many of the volatile compounds in beverages that are
mature in oak barrels(Conner et al 1992, Reazin 1981). In distilled beverages, two
sources of lignin can be found. The first source of lignin is from the distillate going into
the barrel(Lee et al 2001b). This lignin comes from the grain during mashing or from
grain that has dried by burring a material such as peat fires. While the lignin from the
peat generates volatiles that are derisible, we will be focusing bourbon whiskey
production, which is derived from a freshly charred barrel and is the source of its unique
flavor(Lee et al 2001b). Previous work on lignin content and state in barrels looked at
Armagnac(Puech 1984) and Scotch whiskey(Conner et al 1992) barrel. This leads us to
understand that barrels, and the effect of whiskey maturation, occurs in a similar manner
to that of other cell wall materials.
Barrel staves were sampled according to the methods found in Gollihue et al 2018
along with the nomenclature describing parts of the barrel staves. In short the C layer is
the first 2mm of the interior of a barrel stave that has been charred during barrel
production(Gollihue et al 2018). The P layer and R layer of the barrel stave come about
during whiskey maturation, the P layer of the barrel stave is between the C layer and R
layer. The R layer of the barrel stave has a distinct red mark that shows the variation of
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pentation of the whiskey through the barrel stave during maturation. The O layer is the
first 2mm of the exterior of the barrel stave.
3.2.1

Gravimetric Measuring of Lignin

Lignin is a difficult polymer to quantify through standard methods due to its
recalcitrant nature. We therefore measured lignin content by removing the other
components of the cell wall using the NREL method. We found that the outer layers of
the barrel staves contained approximately 35% lignin, whereas in the C layer of the new
barrel this proportion was significantly higher at 50% (Fig. 3.1; P < 0.0001, two-way
ANOVA). It is notable that after the barrel charring the lignin becomes lignin pyrolysates
in the C layer. The lignin pyrolysates content of the C layers in staves from barrels that
had been used in whiskey maturation was even higher at 75-80% – a significantly higher
proportion than that found in the C layer of the new barrel. The P and R layers, which are
generated through the process of whiskey maturation, did not differ significantly from the
O layer, maintaining approximately 35-40% lignin.
Lignin is a complex polymer that imparts flavor to whiskey during
maturation(Lee et al 2001b, Reazin 1981) and is generally categorized by the conditions
under which it does or does not degrade, referred to as acid-soluble or acid-insoluble. The
acid-soluble lignin content of American white oak is generally reported to be 4% so it
was surprising to find that the acid-soluble lignin content of the O layer of the staves was
consistently below 3% (Fig. 3.2). However, this could be due to both the abiotic and
biotic factors that the staves are subjected to during seasoning and whiskey maturation.
Figure 3.2 also shows that the C layers were consistently observed to have significantly
lower acid-soluble lignin content (0.76 - 0.18%) than the other layers (Fig. 3.2; P <
0.0001, two-way ANOVA).
The major portion of the total lignin is the insoluble lignin, these values and
results mirror that of the total lignin content of. Insoluble lignin (Fig. 3.3) was increased
in the C layer of the barrel when compared to the O layer of the new barrel with a
statistically significant (P < 0.0001, two-way ANOVA) interaction as content increased
from 35% to 50%. This increase was amplified by whiskey maturation as acid insoluble
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as content went from 50% in the C layer of the new barrel stave to 75% to 80% after
whiskey maturation. The P and R layer of the ten and seventeen year old barrel had
similar content in acid insoluble lignin contents of approximately 35%. The O layer of
the barrel staves had some numeral difference as values ranged from approximately 30%
to 40% but these differences were statistically insignificant.
3.2.2

Surveying Lignin Linkage Composition

Total lignin and acid-soluble lignin content as mass fractions of the cell wall both
varied according to which stave layer was being measured and total lignin also varied
depending on the barrel from which the staves came. We therefore utilized heteronuclear
single quantum coherence (HSQC) NMR spectroscopy to gain insight into the chemical
shifts that may be occurring in the lignin of the barrel staves. To understand how these
shifts may vary through the stave we performed this analysis using the same sampling
scheme as the gravimetric analysis. The HSQC data presented is the mean of three
measurements from three different barrel staves with the exception of the seventeen-yearold barrel from which only one sample was analyzed.
When a barrel is charred a process that is similar to fast pyrolysis occurs as the
oxygen is consumed rapidly. This results in the generation of lignin oxidation products.
Though such products will be generated over time in a barrel that has not been charred,
the charring process makes them readily available to the distillate stored within. We
found the oxidation of lignin was 0.619 in the C layer of a new barrel compared to 0.162
in the O layer (Table 3.1 and Fig. 3.4; P < 0.0001, two-way ANOVA), confirming this
expectation. The oxidation of lignin in the C layer of the ten-year-old barrel staves was
0.780, which is not significantly different from the C layer of the new barrel suggesting
that whiskey maturation does not have an effect on lignin oxidation. The oxidation of
lignin measured in the P and R layers of the ten-year-old barrel staves were not
significantly different from that of the O layer.
The S to G ratio (S/G ratio) of lignin in the C layer and the O Layer of the new barrel was
1.70 and 2.66 respectively. Indicating a reduction loss due to charring that is significant
(P < 0.0001, two-way ANOVA). This ratio appeared to be unchanged by whiskey
maturation as a value of 1.70 was measured in the C layer of the ten-year-old barrel.
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Interestingly there was some variation in this ratio among the various layers found in the
barrel. This indicates that there are more S monomers than G monomers in areas of the
barrel that have not undergone degradation by pyrolysis.
The degree of oxidation of the lignin in the barrel material was higher in the C
layer compared to the O layer, with the S-Ox/S-native values in a new barrel stave
measuring 1.15 and 0.196 respectively (P < 0.0001, two-way ANOVA). The G-Ox/Gnative values were also elevated in the C layer but this increase was only statistically
significant in the ten-year-old barrel (P < 0.0056, two-way ANOVA). Likewise, the
percentage of H relative to the sum of S and G was also higher in the C layers of each of
the barrels compared to the O layers, but this difference was only statistically significant
in the barrels that had undergone whiskey maturation (P < 0.0002, two-way ANOVA).
This result is not unexpected as barrels are charred in open atmospheric conditions,
leading to the consumption of oxygen in the initial stages. However, we also found a
considerable amount of variation in many of the measurements taken from the C layer
and therefore we must present these findings with a degree of uncertainty.
Lignin comprises a variety of linkage motifs, some of which are more susceptible
to degradation by chemical methods (such as the β-O-4 linkage), while others (like the ββ linkage) are more resilient. The linkages measured in these samples were resinol (β- β),
phenylcoumaran (β-5) and β-aryl ether (β-O-4), which is to be expected in Quercus Alba.
The ratio of these linkages was calculated in each layer of each barrel stave but the only
significant difference that was found was in the C layer of the ten-year-old barrel, which
has a lower proportion of β-O-4 linkages than the other layers. Both the C layer of the
new barrel and the seventeen-year-old barrel had slightly lower proportions of β-O-4 than
the other layers but the data collected was highly variable.
3.2.3

Aromatic Regions

The aromatic regions in lignin are of great interest to the whiskey industry as they
are the source of volatile molecules that are important to the flavor of the aged distillate
(e.g. benzaldehyde and vanillate). Both fermented grain and the oak barrel itself are
thought to be the sources of these aromatic compounds and whiskeys that have been aged
in charred oak barrels have increased quantities of these volatile molecules. We therefore
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sought to establish the levels of vanillate and vinyl aldehyde in the lignin in barrel wood.
The data presented is a ratio of the aldehyde to methoxy linkages in the lignin samples
(Table 3.2; Fig. 3.5). Aldehyde levels generally (Benzaldehyde, Vinyl aldehyde and
Vanillate) are elevated in the C layer of all barrels measured when compared to the O
layer of the barrels. Benzaldehyde was elevated in the C layer of the staves in each barrel
compared to the other layers (P < 0.0001, two-way ANOVA). Though we hypothesized
that this level would be lower in the C layers of the barrels that were used to age
distillate, we found the opposite trend in the ten-year-old barrel, which measured 8.37
compared to the C layer of the new barrel, which measured 6.59. The C layer of the
seventeen-year-old barrel did have a lower value of Benzaldehyde but the single
measurement makes it difficult to draw a conclusion here. Vanillate showed a similar
pattern with elevated levels in the C layers of each barrel. Here, the ten-year-old barrel
had the greatest increase and the seventeen-year-old barrel, the least (Table 3.2; Fig. 3.5;
P < 0.0001, two-way ANOVA). In contrast, the vinyl aldehyde content of the C layer was
not different from that of the other stave layers (P = 0.5314, two-way ANOVA). These
results indicate that the lignin in the C layer of the barrel staves is altered as a result of
charring, generating volatile compounds. This is in line with observations that show
charred oak barrel-matured whiskey is enriched in benzaldehyde and vanillate(Reazin
1981)
3.2.4

Chemical Fingerprints of the C Layer

The results in the section above indicate that it is the C layer of the barrel stave
that could be the most important in terms of adding flavor to the distillate. We therefore
conducted further investigations into the lignin-derived volatile compounds in the C
layers of each barrel stave using PY-GC-MS. While the results yielded from the lignin
analysis indicate that some complex interaction with compounds that are important to
volatile in whiskey flavor occurring, we wanted to further explore the interaction with
wood and whiskey of votive compounds found in the wood. As we found that charring
was a major impact on alteration of the lignin, this became the focus of further analysis as
it to see how variation of composition occurs from charring.
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Thus, we subjected the C layer of the barrel staves to analysis via pyr-gc-ms to
generate a chemical fingerprint and compare relative amounts of compounds found in the
wood. The analysis generated a myriad of compounds (Table 3.3), several overlapping
with compounds found in headspace of bourbon whiskey(Lee et al 2001b, Poisson &
Schieberle 2008a, Poisson & Schieberle 2008b). The overall composition had
considerable chemodiversity and similar compounds were generally found across all
samples, though they varied in the amount present. This variation was not correlated with
maturation duration and therefore must be attributed to some unknown factor.
Some compounds could easily be identified as congeners carried over to the barrel
from the distillate. The alcohol, methylbutanol, for example is frequently found in
whiskey distillate(Kłosowski & Mikulski 2010) and we did not find this compound in the
staves of the new barrel. The chemical fingerprints of the staves from the new, five-, sixand ten-year-old barrels contained very few unidentified compounds, whereas the
analysis of the seventeen-year-old barrel staves produced twelve unidentified compounds.
In addition, the seventeen-year-old barrel was the only barrel with staves that yielded
acetic acid. This was unexpected as acetic acid is present in distillate(Lee et al 2001b,
Liebmann & Rosenblatt 1943, Liebmann & Scherl 1949, Reazin 1981) and therefore one
would expect to find it in any barrel staves that had been exposed to distillate for five
years or more.
3.2.5

Ash Content was Elevated in the C Layer of Barrel Staves Used in Whiskey
Maturation

The ash content of each layer of each barrel stave was also measured. Figure 3.6
illustrates the differences between the ash content of the C layer of the new barrel staves
and those that have been used to age whiskey. The C layers of the five-, six-, ten- and
seventeen-year-old barrels all had significantly higher ash content (0.41, 0.40, 0.41,
0.58% respectively) than that found in the C layer of the new barrel (~0.1%). All
remaining layers were similar to the C layer of the new barrel. This result suggests that
there is an interaction between charring and aging that increases the ash content of the
barrel wood.
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3.2.6

Lignin Degrades into Volatiles

The results above detailed above indicate that lignin is being broken down during
charring and aging and that its phenolics are being transferred to the bourbon whiskey.
This being the case details on the results of this process are confusing at best as a way to
try to understand this extraction. We chose to try to explore some of the chemical
interventions to modulate the phenolic profile coming from the wood with two different
experiments. During whiskey maturation the barrel environment is under flux depending
upon many factors that result in a drop (or accumulation) in ethanol content and
accumulation of ethyl acetate along with other numerous reactions(Lee et al 2001b,
Reazin 1981). Ethyl acetate content can also be influenced by fermentation and
distillation regiments in during the production of whiskey. Ethyl acetate we hypothesize
could influence the extraction and breakdown of the barrel over time.
In an attempt to understand what is occurring in charred barrel we optioned
material by scraping the inside of the barrel of several barrel staves. These scraping were
milled and homogenized into a fine powder and subjugated to an extraction over the
course of 4 weeks. The model spirt solution chosen was a 62.5% ethanol with a range of
ethyl acetate concentrations (0,50,100,150,300,450 mg/ml). We chose to target a few
phenolic compounds to measure via Gas chorography with detection and quantification
by Mass spectrometer. The selected compounds were M-Cresol, P-cresol, Guaiacol, 4ethylguaiaicol Vanillin, Syringaldehyde, 4-hydrox-3-methoxopropiophenone and
sinapialdeyde all compounds that are found in whiskey and know to come from the
barrel(Lee et al 2001b). We found that increasing ethyl acetate content had no
statistically significant on any of the measured compounds (Fig. 3.7).
3.3

Discussion
Barrels used in the maturation of alcoholic beverages vary according to the

distillate held within(Mosedale 1995b). In the case of classifying bourbon whiskey, it
must be aged in a new charred white oak barrel(Mosedale 1995b, Mosedale & Puech
1998), have at least 51% corn in the mash bill, be distilled to no greater than 160° proof
and enter the barrel at less than 125° proof. While the other grains in the mash bill, the
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yeast selection and cultural factors can influence flavor, a large driver of flavor is derived
from the new white oak barrel(Mosedale 1995b, Mosedale & Puech 1998). By obtaining
staves from barrels that had been used to age bourbon whiskey for different numbers of
years, we compared measurements of lignin and lignin derived compounds during aging.
The results of this study will aid in our understanding of how stave wood changes during
the bourbon whiskey maturation and in the prediction of the effects of the maturation of
alcoholic beverages. Lignin content was measured as acid insoluble material increases
after charring of the barrel and by whiskey maturation. This increase in total lignin was
explained by the mass of barrel material carbohydrate fraction being destroyed by
pyrolysis and further through the acid hydrolysis of the hemicellulose and cellulose
(Gollihue et al 2018). The lack of change in P, R & O layer of the barrel staves indicates
that other parts of barrel were not degraded in the measured samples, consistent with
prior analyses on carbohydrate fractions(Gollihue et al 2018). The expected value of
lignin of fresh harvested oak is 34.5%(Jia et al 2017, Wiedenhoeft & Miller 2005). Acid
soluble lignin content was degraded by charring. Furthermore, acid soluble lignin
followed a maturation related loss from the barrel stave material over 17 years. While not
significant, this trend is worth discussing as it was consistent across years. It is plausible
that lack of separation could arise from variation between the barrel staves. There are
several reasons this could occur. For example, alteration of the biomass from the
microorganizing in contact with the wood could utilize biopolymers as metabolic
substrates during the seasoning of the barrel staves (Gougeon et al 2009, Spillman et al
2004, Vivas 1997). This would explain how acid soluble lignin content decreased in the
O layer in the 17-year-old barrel when compared to the O layer of the other barrels.
Alternatively, barrel staves arising from different aged trees, and/or forests could impact
variability into the experiment. Numerical reduction of acid soluble lignin in the C layer
of the barrel is to be expected as bourbon whiskey that is unaged, which is called white
dog or green whiskey or new make, is generally at a pH of approximant 5 and declines to
a pH of around 3.5 during whiskey maturation(Liebmann & Rosenblatt 1943, Liebmann
& Scherl 1949). This change in pH of the whiskey occurs as many acids are extracted
from the wood that were generated from the toasting/ charring(Liebmann & Rosenblatt
1943, Liebmann & Scherl 1949, Reazin 1981, Sarni et al 1990). These acids acidify the
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green whiskey and allow extraction of other wood elements(Mosedale & Puech 1998,
Reazin 1981, Sarni et al 1990). Our results indicate that charring of the barrel was a
major factor in acid soluble content of the C layer of the barrel. The finding that lignin
increases as a mass fraction of biomass is to be expected as the carbohydrate portion
(hemicellulose and cellulose) of the wood is extracted into the whiskey(Alañón et al
2010, Black 1974, Reazin 1981). The degradation of the wood during the cooperage
process has been shown to decrease the dry weigh of the wood along with the pH ethanol
solution interacting with the wood(Sarni et al 1990). As the breakdown products found in
the wood from the heating leads to the formation of acetic, propanic, and butyric acid
along with many other compounds (Fengel & Wegener 1983, Sarni et al 1990).
The HSQC result we found are similar to, and yet contrasting with, those
previously found of wood that has undergone thermal modification(Sarni et al 1990). It
was found that syringyl/guaiacyl ratio (S/G) increased in oak as a function of toasting
temperature over 190oC due to thermolysis of the monomers(Sarni et al 1990). Previous
studies looking at S/G ratio changes in wood during barrel processing caused this ratio to
increase through direct HPLC measurement in an ethanol extraction (Sarni et al 1990).
Our use of HSQC data may indicate that a change is occurring in the S/G ratio in the O
layer of the barrel indicate that steaming process or residual heat from the charring is
high enough to cause hydrolysis of the lignin in the barrel. These findings should be
checked by a more direct method.
The effect of charring (C layer) did seem to lower the S/G ratio compared to the O
layers of the barrels in across all measured samples. Whiskey maturation appeared to
have no effect on the S/G ratio found in the barrel, indicating that this charring process is
driving this result. The presence of aldehydes in the wooden barrel has in the past been
marked as an indication that pyrolysis has occurred in the barrel during charring as
reported by Bredenberg et al (BREDENBERG et al 1987). The presence of aldehydes is
also found in hardwood common without pyrolysis occurring thought(Capanema et al
2005) . The effect of toasting or charring however has been shown to change the
concertation of Benzaldehyde and lignin based compounds in products stored in these
barrels(Farrell et al 2015, Reazin 1981).The aromatic region of lignin gave results that
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could imply some odd changes to the barrel during whiskey maturation. Benzaldehyde
content were elevated in the C layer of all the barrels when compared to O layer of the
barrel in general a result that is similar to other findings(Clyne et al 1993, Conner et al
1992, Sarni et al 1990, Spillman et al 2004). Looking at the absolute values of the C layer
it would be simple to come to the hypothesis that whiskey maturation, through its
oxidative reactions, alters the barrels aromatic lignin content. This assertion would be
improbable, and while replication was limited in the seventeen-old-barrel, as there would
be an indication that an increase and then decrease would have to occur during whiskey
maturation to the aromatic lignin content.
A far simpler, and more likely, hypothesis is that aldehydes found lignin aromatic
regions are generated by charring or toasting(Farrell et al 2015) at a variable rate as that
would explain both the elevated mean and increased standard error that is only found in
the C layer of the barrels.
3.3.1

Ash- A Minor Element with Plausible Major Impacts

Metal ion composition should be considered as metals may interfere with the
analysis of the barrels during py-GCMS. This interaction has been shown to influence
biomass pyrolysis and generate an interesting way of thinking about some relatively
unrelated data. Ash content being elevated from whiskey maturation may indicate that
whiskey maturation is affected by the type of still the whiskey is produced. Our results
indicate that ash content was lower than published values in oak (O layer), but this could
be attributed to the weathering process as ash is generally made of potassium, calcium,
and magnesium (Fengel & Wegener 1983). Minerals such as these interact in an ionic
manner with the cell wall and can be removed by water being run over the wood(Scott et
al 2001). Traditionally, whiskey stills for bourbon whiskey production are made of
copper thus it would be reasonable that copper content is the elevated in the wood.
However, we did not measure the breakdown of the perform elemental analysis on the
ash found in biomass. The evaluation of the ash content in the barrel could have impacts
on whiskey maturation. One being, copper is an important element for whiskey oxidation
chemistry as ethanol is converted to acetic acid and acetaldehyde(Danilewicz 2016, del
Alamo-Sanza & Nevares 2017, Oliveira et al 2011, Reazin 1981).
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Ash content could have another important impact that would explain the variation
in the chemical composition found in barrels. As our data from py-GCMS indicates,
relative abundance for many compounds did not decline or increase at a perceivable trend
without a barrel at one time or another being an outlier. This would indicate that the
starting material for many of these compounds was variable at the start of the maturation
of the whiskey. Barrel variation has been a topic of much interest for many years leading
the hypothesis that biological variation is the factor causing the difference in
barrels(Doussot et al 2002, Mosedale et al 1998, Mosedale & Savill 1996, Prida & Puech
2006, Spillman et al 2004, Towey & Waterhouse 1996). While certain compounds found
in whiskey are certainly biological derived(Masson et al 1997, Mosedale & Savill 1996),
tannins(Alanon et al 2011, Mosedale et al 1996, Mosedale et al 1998, Mosedale & Savill
1996) and whiskey lactone(Hayasaka et al 2007) are derived from the charring/toasting of
the barrel(Chira & Teissedre 2015b, Collins et al 2015, Farrell et al 2015). The
compounds found in barrel wood that are extracted into the whiskey(Poisson &
Schieberle 2008a, Poisson & Schieberle 2008b) are not that dissimilar to those compound
desired in biofuel or biomass upgrading(Mohan et al 2006, Nonier et al 2011). Ash
content has been shown to influence the production of compounds such as
furans(Patwardhan et al 2010) and the breakdown of lignin(Jakab et al 1991) under
pyrolysis conditions(Klampfl et al 2006, Mohan et al 2006, Pan & Richards 1989,
Richards & Zheng 1991, Scott et al 2001). Ash content in wood has been shown to be
altered depending upon environment in which the tree is grown (e.g.,either the soil or
industrial pollution)(Saarela et al 2005). Therefore, we propose that mineral content and
profile may be an underlying chemical mechanism for stave to stave variation leading to
barrel variation rather than a indicating all of the variation is biologically derived. This
hypothesis gives a chemical mechanism which affects the cooperage practice of watering
the stacks and how weathering barrels stave in different environments(Spillman et al
2004) would change the end results of the barrel.
3.3.2

Pyr-gc-ms Results

The results from the pyr-GCMS yielded some interesting findings when compared
with the literature. While some of the compounds were similar to results found in a
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French oak(Jia et al 2017), bourbon barrel staves are made from American white oak
(Querus alba), thus some differences were seen(Singleton 1974). Although the data
generated could be processed through many statistical computations, we opted not to
preforms this analysis as it appears that an underlying variability is influencing results
and this cannot be controlled. This would make ascertaining if composition changes were
from whiskey maturation or an effect of the charring and innate barrel variation difficult.
These results do indicate that each barrel used in bourbon whiskey production is different
as they have difference in volatile composition. One noteworthy and interesting factor
that we can glean from our pyr-GCMS data is that acetic acid can be accumulated in
wood after whiskey maturation of seventeen years. Charring was found to remove most
of the acetic acid found in wood, which would explain the lack of acetic acid our new
barrel samples (Briane & Doat 1985) and whiskey maturation has been known to
increase acetic acid content(Lee et al 2001b, Liebmann & Rosenblatt 1943, Liebmann &
Scherl 1949, Reazin 1981). This may be noteworthy for the secondary market of barrels
as acetic acid is known to esterify with ethanol to from ethyl acetate which can be
consider a fault of young spirts(Lee et al 2001b) or wine.
We had hypothesized that ethyl acetate would increase extraction of barrel
phenolics, reasoning that ethyl acetate would be more nonpolar than ethanol and ethyl
acetate would also increase the acetic acid content in the whiskey solution. While this
hypothesis may be correct, the choose material to execute this model maybe incorrect and
influencing the result. Barrel material is known to be variable, and these results echo of
pyr-gc-ms data(Canas 2017, Clyne et al 1993, Mosedale et al 1998, Mosedale & Savill
1996, Santos et al 2012, Sauvageot & Feuillat 1999, Towey & Waterhouse 1996).
3.3.3

Bourbon Barrels: Secondary Uses and Flavors

Bourbon has a very unique flavor that has increasingly become desirable as
products like wine and beer are being stored in the barrels after bourbon maturation. The
barrel can only be used once in bourbon production leading to their use in other markets.
Historically these barrels have been used to age other distilled spirts such as scotch
whiskey, rum, tequila, or American whiskey. As barrel variation has been a topic in new
barrels, these effects are also of interest in reused barrels. The difference between barrels
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we found should be noted as it is conceivable that some of the variation would be
compounded during the secondary uses. An interesting note is the finding of elevated ash
content that maybe important for other materials being aged in the barrel. When barrels
have been declared exhausted, a portion of the inner surface of the barrel is scraped off
and the barrel is recharred(Clyne et al 1993, Reazin 1981). This elevation in ash content
may possibly play a role in the deep parts of the barrel where recharring is common for
scotch whiskey production(Clyne et al 1993, Reazin 1981). It is also reasonable that
barrel variation in the form of secondary uses of bourbon barrels would be partially
linked to previous uses such as entry proof and storage conditions. This is particularly
concerning for the fractions carbohydrates of the wood (Reazin 1981).
3.4

Conclusion
Barrel variation is a topic of much interest and there are many reasons that make

understanding flavor coming from barrels difficult. Indeed, the process in cooperages are
inundated with variability during production(Collins et al 2015) leading to differences in
barrel lignin content and to flavor. Charring was found to be the driver of alterations to
lignin and to the formation of many of the volatile compounds found in bourbon barrels.
We found that charring of barrels staves leads to variation increase in the samples. The
volatile content of each barrel was measured, and while it yielded similar results there
were differences that could not be explained by the effect of maturation. While exploring
this effect, and in an attempting to understand changes in the barrel biomass, we found
that ash content is altered by maturation. We then propose that alteration in the ash
content profile may be a reasonable hypothesis for the variation in the barrels as metals
that make up ash content could have catalytical effects on composition changed during
charring and during whiskey maturation.
3.5

Materials and Methods
3.5.1

Chemicals

All chemicals and reagents used were of analytical grade or higher. Chemicals
were obtained from Sigma Aldrich (St Louis, MO) as applicable.
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3.5.2

Barrel Selection

All barrels were produced by Independent Stave Company (Lebanon, KY, USA)
using American white oak (Quercus alba) and charred to grade #4. The distillate held in
the barrels was produced by Sazerac Buffalo Trace Distillery (Frankfort, KY, USA) and
was aged on site. The specifics of the grain ratios that were used is propriety information,
however a minimum of 51% corn is required in the production of bourbon whiskey,
which was held in four of the barrels, each for a different length of time – six, ten (2x)
and seventeen years. The fifth barrel was used to age rye whiskey for five years and
therefore differed more substantially in the grain used. A sixth barrel was constructed,
charred and then broken down into its constituent parts. This barrel served as our “new /
0 year” barrel.
3.5.3

Barrel Sampling and Preparation

During maturation, the internal pressure of the barrel varies, likely due to changes
in temperature18-19. These pressure changes cause the distillate to permeate into and out of
the barrel staves. The depth to which the spirit penetrates the stave varies both among
staves and within each stave and can be seen as a striking red line through a longitudinal
cross-section. An accurate sampling scheme for a barrel stave must, therefore, take into
account the red line, rather than relying on depth. A barrel stave has four distinct layers
that can be dissected out and analyzed separately. The inner 2 mm of the wood is easily
distinguished as the charred (C) layer and the outer (O) layer is the exterior 2 mm. These
two layers are present in new staves and staves that have been used to age whiskey.
However, during maturation, two more layers are formed and denoted as the P layer,
which has undergone spirit penetration and the R layer, which is the red line. Samples
were obtained by shaving each layer of the staves using a wood gouge (Pfeil #7, 35mm)
according to the methods described in Doussot et al.(Doussot F 2002). Four 20 cm-long
samples were taken from each stave, and a minimum of four staves were sampled per
barrel. Samples were dried for 24 h at 100 °C and then homogenized using a grinder
(Arthur H Thomas Co Scientific, Philadelphia, PA, USA) equipped with a 1 mm sieve.
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3.5.4

Notes on Natural Barrel Variation

Examining the staves of bourbon whiskey barrels that have been used to age
distillate provides a unique insight into the wood-distillate interaction over time.
However, variation among barrels and staves can be extensive due to numerous factors
ranging from the climate experienced by the tree that produced the stave wood to the
fungi that grow on the barrels in the rickhouse. We attempt to overcome this variation by
collecting data from a number of replicates, however it is important to note that these
barrels were acquired from an operational distillery and were not subjected to
experimental conditions until after the aged distillate was collected from the barrel.
3.5.5

Lignin Analysis

Lignin analysis was performed following the NREL protocol for “Determination
of structural carbohydrate and lignin in biomass” (Sluiter et al 2008a). In short, wood
chips from barrel staves were washed with 70% ethanol at to remove extractable
compounds. After drying, wood chips were weighed and then digested in 72% sulfuric
acid at 30°C for 1 h during which water was added bring the concentration of the sulfuric
acid to 4%. This solution was placed in an autoclave at 121°C at 15 psi for 1 h.
A 4% solution of sulfuric acid was used as a reference blank. To accommodate
the absorbance range (0.2–0.7) of the spectrophotometer at 240 nm, both the hydrolyzate
and the reference solution were diluted 1:30 with deionized water. The absorbance of the
hydrolyzate at 240 nm using a 1 cm light path cuvette was used to calculate the amount
of acid-soluble lignin.
Porcelain filter crucibles containing a glass microfiber filter (Whatman 934-AH)
were placed in a furnace at 575 °C for 4 h. The crucibles were removed from the furnace
and placed into a desiccator to cool for a minimum of 1 h before being weighed. The
autoclaved samples were vacuum filtered through the crucibles. The crucibles and their
contents were dried in an oven at 105°C overnight before being transferred to a desiccator
to cool. The weight of each crucible was recorded and then they were placed in a furnace
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at 575°C for 4 h followed by 105°C overnight. The crucibles were then removed, placed
in a desiccator to cool and then weighed.
3.5.6

2D HSQC NMR Spectra

The barrel stave samples were first ball milled according to a previously reported
procedure and then collected directly into NMR tubes (ca. 30-40 mg for each sample and
swollen using DMSO-d6/pyridine-d5 (4:1) until a gel formed.(Kim & Ralph 2010, Kim et
al 2008) NMR spectra were acquired on a Bruker Biospin (Billerica, MA) Avance 700
MHz spectrometer equipped with a 5-mm quadruple-resonance 1H/31P/13C/15N QCI
gradient cryoprobe with inverse geometry (proton coils closest to the sample). The
central DMSO solvent peak was used as an internal reference (δC 39.5, δH 2.5 ppm). The
1

H–13C correlation experiment was an adiabatic HSQC experiment (Bruker standard

pulse sequence ‘hsqcetgpsisp2.2’; phase-sensitive gradient-edited-2D HSQC using
adiabatic pulses for inversion and refocusing).(Kupče & Freeman 2007) HSQC
experiments were carried out using the following parameters: acquired from 11.5 to –0.5
ppm in F2 (1H) with 1682 data points (acquisition time 100 ms), 215 to –5 ppm in F1
(13C) with 620 increments (F1 acquisition time 8 ms) of 56 scans with a 500 ms interscan
delay; the d24 delay was set to 0.86 ms (1/8J, J = 145 Hz). The total acquisition time for a
sample was 6 h. In all cases, processing used typical matched Gaussian apodization (GB
= 0.001, LB = –0.5) in F2 and squared cosine-bell and one level of linear prediction (32
coefficients) in F1. Volume integration of contours in HSQC plots used Bruker’s
TopSpin 4.0.3 (Mac version) software. Integrals were from volume-integration of C/H
pairs with similar properties.
3.5.7

PYR-GC-MS

Barrel samples were analyzed using a Pyroprobe Model 5200 (CDS Analytical,
Inc.) connected to an Agilent 7890 GC with an Agilent 5975C MS detector. The
pyroprobe was operated in trap mode under He atmosphere. Pyrolysis was conducted at
650 °C (1000 °C/s heating rate) for 20 s. The valve oven and transfer lines were
maintained at 325 °C. The column used in the GC was a DB1701 (60 m × 0.25 mm ×
0.25 µm) and the temperature program was as follows: 45 °C for 3 min, ramp to 280 °C
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at 4 °C/min and hold for 10 min. The flow rate was set to 1 mL/min using He as the
carrier gas. The inlet and auxiliary lines were both maintained at 300 °C and the MS
source was set at 70 eV. Pyrolysis products were analyzed according to retention time
and mass spectra data obtained from a NIST library.
3.5.8

Model Experiment Phenolic Compound Analysis

For extraction, 5mL of model spirt solution (62.5% ethanol), 5mL of ethyl
acetate, and an internal standard of 3-Methylanisole was added to 20mLs of water. The
organic layer was separated with centrifugation and then filtered through sodium sulfate
to remove any water. The samples were dried under a gentle air flow and then solubilized
in 300 μl of ethylate, 100 μl of pyridine and silylated with 100 μl of N,OBis(trimethylsilyl)trifluoroacetamide. The silylation reaction occurred in an oven for
30min at 60°C and upon completion, were run on an Agilent technologies 6850 GC Gas
Chromatograph using a Agilent 30m x 0.25 mm J&W DB-5 column. The temperature
program started with an injection temperature of 30 °C to 100°C at a 5°C ramp/min
increasing to 100 °C to 150°C at a 10°C ramp/min, 150 °C to 250°C at a 4°C ramp/min
for a total of a 480minute run time with a constant column flow mode of 1.0 mL/min.
Detection and quantification was performed by using an Agilent 5975C MSD.
Quantification, retention time and mass fragments were obtained through direct splitless
injection of standard.
3.5.9

Statistical Analysis

Data were subjected to a two-way ANOVA using JMP 11. Means were separated
using a Tukey’s Multiple Comparison Test at alpha = 0.05. The software JMP®
(Version11. SAS Institute Inc., Cary, NC, 1989-2007) was used for all statistical
calculations.
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Table 3.1 HSQC Integrations in Lignin Reveal Shifts in Lignin Linkages
OX/ Native
Mean

S/G ratio

Std Err

Mean

S-Ox/S native

Std Err

Mean

G-OX/ G native

Std Err

Mean

Std Err

0c

0.619

0.06

B

1.707

0.1

B

1.145

0.1

A

0.150

0.03

AB

0o

0.162

0.01

A

2.662

0.2

A

0.196

0.1

B

0.080

0.015

B

10c

0.780

0.01

B

1.706

0.2

B

1.461

0.2

A

0.229

0.016

A

10p

0.169

0.01

B

3.256

0.1

A

0.197

0.001

B

0.084

0.004

B

10r

0.173

0.01

B

3.145

0.01

A

0.204

0.007

B

0.085

0.003

B

10o

0.156

0.01

A

2.802

0.04

A

0.187

0.005

B

0.072

0.006

B

17c

0.660

.

B

2.764

.

A

0.987

.

A

0.141

.

AB

17p

0.1663

.

B

3.064

.

A

0.185

.

B

0.111

.

AB

17r

0.133

.

B

2.802

.

A

0.150

.

B

0.088

.

AB

17o

0.154

.

B

2.846

.

A

0.176

.

B

0.096

.

AB

P value

<.0001

<.0001

<.0001
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<.0056

Table 3.1 (Continued)
H% relative to S+G
Mean

Std Err

βO4%
Mean

β- β

Std Err

Mean

β-5

Std Err

Mean

Std Err

0c

8.024

3.14

AB

63.849

7.60

AB

21.7867

5.489

14.3638

10.359

0o

0.978

0.21

B

81.218

0.53

A

14.3398

0.438

4.4415

0.287

10c

14.187

1.30

A

54.596

3.53

B

38.0058

12.026

8.4949

7.398

10p

1.539

0.30

B

80.619

0.599

A

14.6468

0.601

4.7336

0.232

10r

1.291

0.07

B

81.605

0.219

A

14.0275

0.31

4.3671

0.207

10o

0.930

0.34

B

82.190

0.871

A

13.3626

0.795

4.4473

0.077

17c

16.063

.

A

75.777

.

AB

19.1203

.

5.1018

.

17p

1.564

.

B

80.968

.

AB

14.8279

.

4.2039

.

17r

1.376

.

B

81.237

.

AB

13.9898

.

4.7723

.

17o

1.441

.

81.368

.

AB

14.3645

.

4.267

.

P value

<.0002

B

0.003

NS

NS

Various linkages in lignin were measured in each of the layers in the barrel staves. The majority of the differences were seen in the C
layers indicating that charring may have an effect on linkages that are more susceptible to thermal degradation. Values presented are
the mean integrations of three barrel staves from the various barrels (n=3). Please note, there was only one sample measured from
each of the layers of the seventeen-year-old barrel.
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Table 3.2 HSQC Integrations of The Aromatic Regions of Stave Samples

Level
0c
0o
10c
10p
10r
10o
17c
17p
17r
17o

Benzaldehyde
Mean Std err
6.5907 0.900
3.0408 0.140
8.378
0.361
3.1548 0.271
3.0122 0.192
2.4182 0.036
4.5617
.
2.7463
.
2.5515
.
2.2003
.

Vinyl Aldehyde
Mean
Std err
1.9963
0.623
2.4865
0.215
1.3364
0.117
1.898
0.199
2.1263
0.135
1.4780
0.320
2.0251
.
1.6217
.
1.589
.
1.8911
.

Vanillate
Mean
Std err
2.3720
0.247
0.4780
0.042
3.2403
0.415
0.6429
0.062
0.5179
0.024
0.3384
0.038
2.0321
.
0.487
.
0.2529
.
0.3865
.

The aromatic compounds, benzaldehyde, vinyl aldehyde and vanillate were measured in
the different layers of the barrel staves. As with the lignin linkages, we found significant
differences in the levels of these compounds in the C layers of each barrel. This indicates
that charring may increase the presence of aromatic compounds. Values presented are
the mean integrations of three barrel staves from the various barrels (n=3). Please note,
there was only one sample measured from each of the layers of the seventeen-year-old
barrel.
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Table 3.3 Chemical Fingerprints Of The C Layers Of The Staves Produced By Pyrolysis Gas Chromatograph Mass Spectroscopy
New Barrel
Mean

std err

5-year-old
Mean

std err

6-year-old
Mean

std err

10-year-old
Mean

std err

17-year-old
Mean

std err

2-methylfuran

0.94

0.07

2,5-dimethylfuran

0.50

0.07

acetic acid

9.39

0.37

2.30

0.10

1.03

0.11

5.69

0.18

unidentified

1.60

0.04

unidentified 2

2.51

0.12

unidentified 3

2.00

0.06

1.20

0.03

1.50

0.13

1-hydroxy-2-propanone

0.15

0.12

0.00

0.00

0.00

0.00

0.00

0.00

toluene

0.17

0.17

3.49

0.57

0.80

0.35

2.36

0.58

3-methylbutanol

0.00

0.00

3.03

0.83

4.46

1.40

6.66

1.63

2-methylbutanol

0.00

0.00

0.14

0.14

0.00

0.00

0.00

0.00

p-xylene

0.00

0.00

0.11

0.11

0.00

0.00

0.00

0.00

1-hydroxy-2-butanone
styrene

0.12

0.12

0.90

0.23

0.18

0.08

1.33

0.30

furfural

1.80

0.20

1.12

0.37

1.95

0.31

1.69

0.53

4-methyl-2-heptanone

0.05

0.05

0.00

0.00

0.20

0.09

0.00

0.00

2-furanmethanol

0.34

0.22

0.00

0.00

0.08

0.06

0.00

0.00

butyl 2-butenoate

0.00

0.00

0.00

0.00

0.00

0.00

2.46

1.27

unidentified 4
2,5-hexanedione

0.00

0.00

0.49

0.49

0.51

0.18

1.30

0.45

2-hydroxy-2-cyclopenten-1one

0.52

0.32

0.00

0.00

0.58

0.23

0.00

0.00
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Table 3.3 (Continued)
New Barrel

5-year-old

6-year-old

10-year-old

17-year-old

Mean

std err

Mean

std err

Mean

std err

Mean

std err

Mean

std err

5-methyl-2-

0.60

0.19

0.00

0.00

1.08

0.28

0.06

0.06

2.02

0.22

3-methyl-1,2-cyclopentanedione

0.51

0.12

0.00

0.00

0.42

0.11

0.00

0.00
0.60

0.04

2.25

0.25

2.26

0.16

4-methyl-5h-furan-2-one

0.28

0.02

2-hydroxy-3-methyl-2cyclopenten-1-one
1,3-di-tert-butylbenzene

1.21

0.03

0.00

0.00

0.00

0.00

0.52

0.21

0.00

0.00

4-methylphenol

1.65

0.46

0.48

0.48

0.62

0.55

0.00

0.00

2-methoxy-4-methylphenol

1.51

0.41

0.37

0.27

1.47

0.17

0.49

0.19

2.34

0.18

4-ethyl-2-methoxyphenol

0.28

0.09

0.15

0.10

0.55

0.16

0.00

0.00

1.66

0.26

2-methylcyclopentanone

0.29

0.15

0.00

0.00

0.31

0.08

0.00

0.00
1.78

0.16

unidentified 6

1.46

0.22

1,4:3,6-dianhydro-.alpha.-dglucopyranose

0.76

0.08

2(5h)-furanone
methyl benzoate

0.00

0.00

0.65

0.19

0.47

0.22

0.91

0.44

4-methylbenzaldehyde

0.00

0.00

0.44

0.36

0.73

0.22

2.09

0.78

phenol

0.96

0.96

0.00

0.00

1.19

0.42

0.25

0.25

unidentified 5
2-methoxyphenol

1.09

0.17

0.96

0.43

1.92

0.30

0.72

0.29

3,5-dihydroxy-2-methyl-4hpyran-4-one
ethyl caprate

0.15

0.09

0.10

0.10

0.21

0.08

0.27

0.17

2-methoxy-4-vinyl-phenol

0.76

0.18

0.18

0.12

0.75

0.09

0.00

0.00
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Table 3.3 (Continued)
New Barrel

5-year-old

6-year-old

10-year-old

17-year-old

Mean

std err

Mean

std err

Mean

std err

Mean

std err

Mean

std err

5-hydroxymethyl-2furancarboxaldehyde
2,6-dimethoxyphenol

1.87

0.40

0.00

0.00

1.17

0.38

0.00

0.00

2.48

0.16

3.08

0.35

1.08

0.56

3.64

0.50

0.86

0.26

c16-alcohol

0.00

0.00

0.18

0.10

0.00

0.00

0.24

0.09

3-hydroxy-4-methoxybenzoic

2.68

0.37

0.52

0.32

2.30

0.23

0.00

0.00

vanillan

0.18

0.08

0.00

0.00

0.26

0.12

0.00

0.00
1.23

0.15

2-methoxy-4-(1-propenyl)-,
(z)-phenol
unidentified 8

1.42

0.09

5.38

0.28

unidentified 9

1.15

0.19

19.49

1.25

2.93

0.11

1.36

0.05

0.27

0.03

unidentified 7
8-heptadecene

0.06

0.03

0.17

0.09

0.07

0.04

0.33

0.14

3,5-dimethoxyacetophenone

1.41

0.35

0.04

0.04

0.69

0.13

0.00

0.00

d-allose

35.04

7.69

0.00

0.00

32.00

7.88

0.00

0.00

unidentified 10
c12 aldehyde

0.00

0.00

0.13

0.07

0.06

0.06

0.16

0.05

unidentified 11
c14-nitrile

0.11

0.08

0.61

0.22

0.03

0.03

0.68

0.17

methyl palmitate

0.75

0.37

1.75

0.33

0.71

0.28

3.53

0.72

3,5-dimethoxy-4hydroxyacetophenone

0.59

0.20

0.00

0.00

0.54

0.13

0.00

0.00

ethyl palmitate

0.05

0.05

1.63

0.44

0.46

0.18

0.95

0.22

desaspidinol

0.88

0.20

0.00

0.00

0.35

0.07

0.00

0.00
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Table 3.3 (Continued)
New Barrel
c18-aldehyde

5-year-old

6-year-old

10-year-old

Mean

std err

Mean

std err

Mean

std err

Mean

std err

0.03

0.03

0.63

0.15

0.02

0.02

0.34

0.11

4-hydroxy-3,5dimethoxybenzaldehyde
palmitic acid

2.60

0.51

4.60

1.66

4.75

1.05

6.83

2.55

c16-nitrile

0.25

0.13

2.18

0.34

0.30

0.13

1.51

0.33

methyl stearate

1.76

0.86

4.63

0.67

1.48

0.59

6.80

1.09

2-nonadecanone

0.00

0.00

1.08

0.28

0.08

0.05

0.80

0.20

1-(4-hydroxy-3,5dimethoxyphenyl)ethanone
unidentified 12
c18-nitrile

0.00

0.00

0.21

0.11

0.00

0.00

0.30

0.08

c23 alkane

0.28

0.12

0.77

0.20

0.14

0.08

0.70

0.15

stearic acid

3.91

1.23

4.54

1.62

5.18

1.26

4.12

1.81

3,5-dimethoxy-4hydroxycinnamaldehyde

0.35

0.14

0.07

0.07

0.00

0.00

1.31

0.66

c24 alkane

0.90

0.42

2.35

0.40

0.73

0.25

3.01

0.68

c25 alkane

1.59

0.73

4.46

0.56

1.38

0.40

4.52

0.92

c26 alkane

2.37

1.02

5.70

0.93

2.08

0.54

6.11

1.21

c27 alkane

2.53

1.06

7.08

0.81

2.22

0.57

6.36

1.19

c28 alkane

2.73

1.10

7.92

0.93

2.26

0.56

6.31

1.12

c29 alkane

2.30

0.95

8.03

0.98

1.98

0.52

5.19

0.99

c30 alkane

1.96

0.84

6.98

0.82

1.53

0.44

3.89

0.88
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17-year-old
Mean

std err

1.18

0.11

0.94

0.03

1.40

0.05

Table 3.3 (Continued)
New Barrel
5-year-old
6-year-old
10-year-old
17-year-old
Mean std err Mean std err Mean std err Mean std err Mean std err
c31 alkane

1.66

0.70

4.07

0.94

1.26

0.37

2.76

0.74

c32 alkane
c33 alkane

1.34
0.95

0.57
0.44

3.06
1.82

0.70
0.52

0.98
0.69

0.34
0.29

2.73
1.95

0.71
0.62

The C layer of each of the barrel staves was subjected to PY-GC-MS and the results are presented as a percentage of the total peak
area. There was considerable variation among barrels but a general trend of fewer lignin-derived compounds in older barrels was
observed. The fingerprint of the seventeen-year-old barrel was particularly unique, with no alkanes with more than 24 carbons and
elevated acetic acid content. This is not surprising given that this barrel is almost twice as old as the ten-year-old barrel.
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Figure 3.1 Total Lignin Content In The Layers Of Whiskey Barrel Staves
Total lignin content of the C, P, R and O layers of the staves of whiskey barrels was
measured. The lignin content of the C layer of a new barrel was elevated by 15%
compared to the O layer of staves from the same barrel. This increase was even further
pronounced in the C layers of the barrels that had been used to age distillate for a number
of years, with a maximum of ~80%. A Tukey-Kramer multiple comparison test was used
to determine statistical significance (n = 15; different letters denote statistically
significant differences at P < 0.05; error bars indicate standard error).

76

Figure 3.2 Acid-Soluble Lignin Content of The Staves of Whiskey Barrels
The sub-fraction of the lignin present in the barrel stave that is soluble in an acidic
solution (acid-soluble lignin) is significantly reduced in the C layers of all the barrels.
Though not statistically significant, there was a lot of variation in the acid-soluble lignin
content of the O layers of the barrel staves, which could be attributed to biotic and abiotic
factors during stave wood preparation and whiskey maturation. A Tukey-Kramer
multiple comparison test was used to determine statistical significance (n=15; different
letters denote statistically significant differences at P < 0.05; error bars indicate standard
error).
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Figure 3.3 Acid Insoluble Residue Increase from Charring and Whiskey Maturation
Acid insoluble residue of the C, P, R & O layers of whiskey barrels at various times
duration of whiskey maturation. Barrel modification by the act of charring decreases the
amount of acid soluble lignin, this is could be account by a reduction in the carbohydrate
content of the wood and plausibly lignin becoming more polymerized and resilient. This
reduction of the C layer is further seen from whiskey maturation and from the charring.
Variation in the O layer was found in the five and six year old could be attributed to the
fungal growth that occurs on the barrel during maturation or during weathering of the
barrel staves during construction. A Tukey-Kramer multiple comparison test was used to
determine statistical significance (n=15; different letters denote statistically significant
differences at P < 0.05; error bars indicate standard error).
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Figure 3.4 HSQC Plots of The Linkages of Various Barrel Stave
A 2D visual representation of the lignin linkages values populate Table 1.
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Figure 3.5 HSQC Plots of The Aromatic Regions of Barrel Stave Samples
A 2D visual representation of the lignin aromatic regions values populate Table 2.
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Figure 3.6 Ash Content as a Proportion of Each Stave Layer
The ash content is a measure of inorganic minerals in the stave wood. As the chart shows,
the proportion of the stave layer that is ash was higher in the C layers of the barrels that
had been used to age whiskey. This indicates that there may be an interaction between
whiskey maturation and charring that affects this proportion. Different letters indicate
statistically significant differences (Tukey-Kramer multiple comparison test, P < 0.05,
n=12).
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Figure 3.7 A Model Experiment Indicates That Ethyl Acetate Is Not A Factor In Phenolic
Compound Extraction
Barrel char extracted in model distillate solution with various amounts ethyl acetate for
four weeks of extraction. Results indicate that ethyl acetate in the distillate may not be a
factor in extraction of lignin based phenolic compounds from wood. Lignin based
phenolic compounds were separated and measured via GC-MS (ANOVA, N=3).
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CHAPTER 4. THE PROFILE AND CONTENT OF FATTY ACIDS IN NEW AND
USED BOURBON WHISKEY BARRELS
4.1

Introduction
Bourbon whiskey is an American distilled spirit that is required to use at least 51%

corn for its fermentable substrate(Poisson & Schieberle 2008a). The other grains that are
added to the mash are malted barley and flavoring grains, specifically rye and wheat. The
combination of the cooked grains with starch forms a fermented wort. Bourbon differs
from other whiskeys because the fermentation of the wort occurs with grain in the
fermenter. Depending upon producers’ preferences, fermentations can be carried out
with yeast alone (sweet mash), with the addition of lactic acid bacteria, or through the
addition of a previously fermented batched (sour mash)(Poisson & Schieberle 2008a).
After the completion of the fermentation the mash is termed distiller’s beer and added to
the still. Distillation of fermented substrates results in many different compounds being
carried over into the whiskey, the concentration of which depends upon individual
producers, distillation equipment, and protocols(Lee et al 2001b, Liebmann & Rosenblatt
1943, Liebmann & Scherl 1949, Poisson & Schieberle 2008a, Poisson & Schieberle
2008b).
During bourbon whiskey production the spirit is distilled to a maximum of 80%
alcohol and is diluted back to a minimum of 62.5% alcohol before maturation in a new
charred oak barrel(Poisson & Schieberle 2008a, Poisson & Schieberle 2008b). Charring
causes a cascade of reactions through a quick pyrolysis of the portions of the barrels most
directly exposed to the flame(Gollihue et al 2018, MOSEDALE 1995a, Singleton 1995).
This pyrolysis reaction occurs as natural gas flame (being at approximately 1950°C)
consumes all of the oxygen in the barrel causing the wood to break down(Mosedale
1995b, Mosedale & Puech 1998).
This breakdown generates a considerable amount of desirable volatile compounds
that are extracted and transformed into the spirit during whiskey maturation(Canas 2017,
Lee et al 2001b, Liebmann & Rosenblatt 1943, Liebmann & Scherl 1949, MOSEDALE
1995a, Mosedale & Puech 1998, Reazin 1981, Singleton 1995). While the barrel is a
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vessel to hold liquid, it also has a greater function to provide an environment that allows
reactions in the distillate(Chira & Teissedre 2015a, Conner et al 1999, Gutiérrez et al
2002a, Liebmann & Scherl 1949, Poisson & Schieberle 2008a, Poisson & Schieberle
2008b, Taylor & Mottram 1997) (Canas 2017, del Alamo-Sanza & Nevares 2017). The
distillate in the production of whiskey contains congeners(Lee et al 2001b, Liebmann &
Rosenblatt 1943, Liebmann & Scherl 1949, Piggott et al 1989) , or chemical constituents
that generate many of flavors associated with distilled beverages, and are influenced by
grains, distillation equipment and distillation practices(Canas 2017, Collins et al 2015,
Poisson & Schieberle 2008a, Poisson & Schieberle 2008b, Taylor & Mottram 1997).
Congeners can be categorized as alcohols other than ethanol, acids, hydrocarbons,
phenolics, esters, and ethyl esters of fatty acids (Lee et al 2001b, Liebmann & Rosenblatt
1943, Liebmann & Scherl 1949, Reazin 1981, Zheng et al 2014). These esters are
interesting because they result in fruity aromas and add complexity to matured
spirits(Lee et al 2001b, Reazin 1981). The source of these fatty acids is of interest as it is
reported that different fatty acids come from difference sources of whiskey production. It
is thought that fatty acids with carbon chains larger than C8 originate from the
degradation of wood structures with smaller chains coming from fermentation
(Bortoletto et al 2016).
Fatty acid ethyl esters have roles other than aroma formation in whiskey; they are
important in stabilizing whiskey headspace composition(Conner et al 1999, Taylor &
Mottram 1997). Whiskey has been demonstrated to be a microemulsion as the fatty acids
cause structural solubility in the distilled spirit. (Lee et al 2001b, Tanford 1980, Taylor &
Mottram 1997). The stability of the whiskey microemulsions are sensitive to dilution
with water that causes the agglomerate diameter to increase, resulting in hazy whiskey.
This haze has been reported to become an issue at 23% ethanol content in scotch
whiskeys with reports in bourbon occurring at a higher alcohol content(Carter-Tijmstra
1989, Lee et al 2001b). Chill filtration prior to bottling is a process that removes excess
agglomerates and is reported to not alter sensory quality in scotch(Lee et al 2001b,
Piggott et al 1989). Many different congeners can be found in these agglomerates as fatty
acids from the barrel are esterified(Conner et al 1994a, Conner et al 1994b, Lee et al
2001a, Lee et al 2001b).
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Bourbon whiskey is required to use a new barrel during production, but used
barrels are frequently repurposed in the maturation of other products(Lee et al 2001b,
Mosedale & Puech 1998). This gives more importance to fatty acids as understudied
compounds(MOSEDALE 1995a) of the barrel because changes could be impactful in
flavor and mouthfeel(Lee et al 2001b) and not just during bourbon maturation but also
throughout the lifetime of the barrel. The sources in which the fatty acid content and
profile can be conceivably altered in the barrel include the biological diversity of oak,
weathering conditions of the barrel staves, and thermal treatments before the addition of a
distillate. The addition of a distillate could add diversity to a barrel, which could be
influenced by many factors leading to a potential addition and alteration of the barrel in
its future use.

Here we look at the content and profile of fatty acids in bourbon barrel

staves that have been aged for various lengths of time.
4.2

Results
4.2.1

Barrel Nomenclature of Layers in Barrel Stave

The lack of uniformity requires the use of a sampling protocol that ensures a
barrel sample has undergone interaction with a distillate. Thus we will be using a simple
nomenclature and sampling protocol established in Gollihue et al 2018(Gollihue et al
2018). Briefly, the four layers (C, P,R and O) of the barrels were isolated from individual
barrel staves that had bourbon whiskey aged in them for variable amounts of time. Barrel
staves in the study were weathered in the open air for roughly 24 months. The staves
were bent into shape using steam instead of a wood fire(Collins et al 2015, Mosedale &
Puech 1998). All of the barrels were produced by a cooperage in Lebanon, Kentucky. All
barrel material had been charred during the cooperage process to a No. 4 char, also called
alligator char. These barrels were filled with distillate that consisted of the same mash bill
to the standards of bourbon whiskey by a commercial distillery in Frankfort, Kentucky.
4.2.2

Petroleum Ether Soluble Barrel Material

Oak barrels are made from a specific part of the trunk of the tree called the
heartwood, due to the presence of tyloses that have closed up the wood cells creating a
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watertight seal. Heartwood in oak that is processed into barrel staves has roughly 20% of
its dry weight as extractable compounds(Ferreira et al 2018). Oak extractable compounds
vary depending upon the extraction solvent(Ferreira et al 2018). A soxhlet extraction with
petroleum ether was used for analysis of polar compounds extracted from the wood, a
portion of which are volatile and lost during the isolation of fatty acids. This causes a
discrepancy in the loss of the measured mass in the wood after petroleum ether extraction
to differ from the isolated oil in the flask. As the nature of the material is whiskey related
that would possibly cause many volatile compounds to be generated from maturation, we
found it important to report these values (Fig. 4.1a).
Petroleum ether soluble barrel material was found to have failed a two-way
ANOVA (Fig. 4.1a, P = 0.5097). The values in the petroleum ether soluble barrel
material was found to be roughly 29mg/g to 63mg/g of the mass. This high variability is
consistent with previous reports (Doussot et al 2002, Doussot et al 2000, Gollihue et al
2018, Mosedale et al 1998, Mosedale & Savill 1996, Towey & Waterhouse 1996)
however some interesting numerical differences appeared that should be explored.
Charring of the barrel reduces the content of petroleum ether soluble material as the C
layer of the barrel was measured at 29mg/g and the O layer 53 mg/g in a new barrel (Fig.
4.1a). During whiskey maturation there was an increase of petroleum ether soluble
material from 29mg/g in a new barrel C layer compared to 43mg/g in the ten-year and
56mg/g in the seventeen-year barrel. The P layer was found to have a similar trend of
increasing petroleum ether soluble material during maturation (40 mg/g in the new barrel
to 55 and 63mg/g in the ten-year-old and seventeen-year-old barrel). The O layer of the
barrel showed some fluctuation with a decrease in the seventeen-year-old barrel (43mg/g)
compared to the new barrel (53mg/g).
4.2.3

Fatty Acid Content of Barrel Material

As esterification of fatty acids occurs during whiskey maturation. The barrel
material fatty acid content was quantified by measuring the mass change in the flask. The
esterification of fatty acids increases their volatility leading to a discrepancy between
extracted content by mass difference in the wood and extracted residue. The change in
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the mass of wood was found to be different than the isolate obtained using the Bligh
& Dyer analysis (Fig. 4.1a&b).
The mass change in the C layer of the wood indicates that volatile compounds in
the wood are reduced by charring (Fig. 4.1a P= 0.5097, two-way ANOVA) and are
increased during whiskey maturation. The P-layer portion of the ten and seventeen-yearold barrel staves were found to have higher amounts of volatile compounds compared to
the C and O layer of the barrel. The R layer of the barrel staves had variable results
depending upon barrel age.
Fatty acid content was also found to be statistically insignificant similar to
petroleum ether soluble barrel material (Fig. 4.1b, P=0.4997, two-way ANOVA).
However, it appears that fatty acid content may be reduced by charring because our
results found a fatty acid content ranging from 16 to 35 mg/g in the C layer and O layer
of a new barrel. Though statistically insignificant, the measured fatty acid content in our
results was interesting. Whiskey maturation did not alter the fatty acid content in the C
layer. The interior portions of the P layer in the ten and seventeen-year-old barrel stave
had content that was approximately the same as the C layer. The R layer of the ten-yearold barrel was measured to have large variation while the seventeen-year-old barrel did
not change much when compared to the C and P layers. The ten and seventeen-year-old
barrel had fatty acid content in the O layers similar in content compared with the P and C
layers. The new barrel was observed to have large variations.
4.2.4 Fatty Acid Composition
We carried out a similar suite of analyses for fatty acid profile and found that the
charring process had a straightforward relationship with a fatty acids reduction and
became more complex from whiskey maturation. We found that the level of fatty acids in
the C layer of new barrel staves was lower than that of the O layer but did not have a
statistical separation (Table 4.1 & Fig. 4.1b).Unsaturated long chain fatty acids are
susceptible to thermal degradation(Charuwat et al 2018), a complex relationship that
could influence the extraction of volatiles from the charred barrels. We therefore
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quantified the individual fatty acids comprising the measured fatty acids (Table 4.1 &
Fig. 4.1b).
To characterize the fatty acid compositions, we measured the various fatty acids
from 14-C to 24-C in the barrel wood samples. Each fatty acid responded differently to
whiskey maturation and charring on the barrel. Fatty acids were quantified using gas
chromatography-flame ionization detector followed by identification verification by gas
chromatography- mass spectrometry. The fatty acids myristric acid, oleic acid, and
linoleic acid were found to have statistically significant interactions (P < 0.05, two-way
ANOVA). Palmitic acid and arachidic acid had p-values slightly above the threshold
(P<0.053 & .09, two-way ANOVA) and the remaining fatty acids were found to have
statistically insignificant results. Myristic acid was found to have a statistically significant
interaction (P = 0.03, two-way ANOVA), the interaction however is less clear as mean
separation occurs and indicates that the ten-year old barrel had overall greater levels.
Oleic acid was found to have a statistically significant interaction (P < 0.001, two-way
ANOVA), with a complicated interaction that made trends less clear, however we find
that new barrel from the cooperage has a difference in Oleic acid from 2.53mg/g in the
O layer to 0.65 mg/g in the C Layer. Whiskey maturation did not have a clear effect on
oleic acid ten-year-old and seventeen-year-old O layer compared to the C layer of barrel
1.02 to 0.00 mg/g, respectably. (P < 0.001, two-way ANOVA). Linoleic acid was found
to be elevated to a statistically significant amount in the O layer (5mg/g) of the new
barrel when compared to all the other samples across age and location (P < 0.001, twoway ANOVA).This elevation in linoleic acid on the new barrel stave could be due to an
accumulation from fungi during the weathering process(Gutiérrez et al 2002a). These
values may indicate fatty acids share a similar trend to other wood components and are
variable among individuals (Doussot et al 2000, Ferreira et al 2018, Marco et al 1994,
Masson et al 1995, Prida & Puech 2006, Spillman et al 2004).
The fatty acids palmitic acid and arachidic acid have P values that are slightly
above the set threshold of p <0.05. Within one stave of a new barrel, palmitic acid
content was found to be degraded by barrel charring as the O layer contains 1.46mg/g and
the C layer contains 0.89mg/g. Whiskey maturation caused a difference in palmitic acid
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from 0.98mg/g in the O layer to 1.27 mg/g in the C layer of the ten-year-old barrel. The
seventeen-year-old barrel was found to have an overall high level of palmitic acid
(1.35mg/g in the C layer to 2.43mg/g in the O layer). Arachidic acid content found in
barrel wood was lowered by half from 0.08 (O layer) to 0.04 mg/g (C layer) in the new
barrel due to charring. Barrels that held whiskey were found to be lower in arachidic acid
content as the C layer of the ten-year-old barrel was 0.2mg/g and variable amounts in the
P and R layer (0.02mg/g and 0.07mg/g, respectively). The seventeen-year-old barrel was
deficient in arachidic acid content across all stave layers.
Overall, we found from the profile data that fatty acids are degraded by charring
as the C layer in a new barrel has lower content of measured fatty acids when compared
to its O layer. Whiskey maturation effect on fatty acids was less clear overall due to
variation among each fatty acid. This suggests that this fraction is variable between
individual barrel staves (Table. 4.1). We hypothesize that the fatty acids found in the
wood are being thermally degraded, but their extraction from the wood during whiskey
maturation is more complex than previously thought. The fatty acids were degraded by
charring as shown by the C layer’s lower content of fatty acids in the new barrel
compared to the exterior non-charred O layer. Palmitic acid content was initially
decreased by charring in the C layer and increased during whiskey maturation as shown
in aged barrels. The ten-year old barrel had elevated fatty acid content in the C layer
when compared to the fatty acids of a new barrel (Table. 4.1).
4.2.5

Model Extraction of Fatty Acids in a Model Distillate

Whiskey maturation is the process of chemical interactions of the distillate with
the barrel, a complex process that has many different chemical alterations as the distillate
interacts with the barrel. New make whiskey varies based off production factors
including: distillation tradition, grains that make up the mash, and microbial influences
during fermentation(Lee et al 2001b, Piggott et al 1989, Singleton 1995, Ward et al
1998b). These factors could change the amount of ethyl acetate formed in the new
distillate as well as influence the sensory capacity of the distillate and the physical
properties of the solution. This could enhance the environment for extraction of fatty
acids. During whiskey maturation, conditions change which allow for extracted
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compounds from the barrel to enter the distillate or alcohol content to shift. Barrel wood
is variable and this makes exploration of the wood-distillate interactions difficult
(Doussot et al 2000, Gollihue et al 2018, Hale et al 1999, Mosedale et al 1998, Mosedale
& Savill 1996, Spillman et al 2004). We hypothesized that ethanol content would
influence the extracted fatty acids from wood. Thus, we sought to develop a model
system that could be used to test our hypothesis in the laboratory.
We chose American White oak wood chips that were milled to sawdust to use as
the model substrate. The model maturation process used varied ethanol contents of
62.5%, 50% and 40%. The model spirit solution consisted of pure ethanol with DI water
for the extraction from oak. The sawdust was first toasted at 150 °C for one hour before
the aging process began. The toasting temperature was chosen to be an intermediate value
as toasting values can range between 37°C to 245°C(Chatonnet et al 1999, Chira &
Teissedre 2015a, Collins et al 2015, Hale et al 1999). The material was treated in this
manner to ensure that any fatty acid in the model spirit solution originated in wood. In
addition, toasting was used in place of charring to ensure reproducibility.
Bourbon has several requirements that have to be followed when it comes to
production; maximum alcohol content on entry into the barrel cannot exceed 62.5%
ethanol and any distilled spirits sold in the United States cannot be bottled below 40%.
This led us to create a model that explored extraction of fatty acids from wood in relevant
alcoholic content looking at the maximum allowable 62.5% ethanol content, 50%
ethanol, and 40%, the lowest allowed alcoholic content. Ethanol is more nonpolar than
water, thus we hypothesize that higher alcoholic content will extract a greater total
amount of fatty acids. We also believe fatty acid profiles will shift with variation in
alcohol content as increasing ethanol content would make the solution more polar. After
toasting, the sawdust and ethanol solutions were placed in sealed glass vessels and
maintained at 23 °C for six weeks. This allowed us to examine any correlation between
the ethanol content in a model substrate and the fatty acid content of an aged model spirit.
Secondly, we investigated shifts in the fatty acid profile of these extracted fatty acids.
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Fatty acids extracted from the wood in the model experiment were higher in the
62.5% spirit sample compared to the lower ethanol content groups (Fig. 4.2a, P < 0.001,
two-way ANOVA) by Bligh & Dyer analysis.
The fatty acid content was significantly high in the highest ethanol content group
and decreased with lower ethanol contents (255 μg/g in 62.5% spirit,171 μg/g in 50%
spirit solution, and 132 μg/g in 40% spirit solution. The same trend can be found when
the fatty acids were summed together with values being similar to the Bligh & Dyer
analysis with a slight increase in the amount of fatty acids in the 62.5% samples (Fig.
4.2b, P < 0.001, two-way ANOVA) compared to the lower ethanol content samples. We
quantified the individual fatty acids that comprised the total fatty acid extraction of the
model experiment. (Fig. 4.2b) The fatty acids undecanoic acid, tridecanoic acid, elaidic
acid, arachidic acid, behenic acid, cis-13,16-docosadienoic acid and lignoceric acid were
found to have statistically significant interactions to changes in ethanol content (Table
4.3, P<0.05). The remaining fatty acids measured were found to follow the same trend of
elevated content as alcohol content increased but to a statistically insignificant amount
(Table 4.4). The fatty acid hexanoic acid (p=0.0688) & gamma-linolenic acid
(p=0.2533), were insignificant with a noteworthy trend; in our model they ran counter to
the overall trend and accumulated in the lower ethanol content groups. Palmitic acid,
which is generally found in distilled spirits and accumulates in the barrel during aging,
was absent in this model.
4.3

Discussion
The bourbon whiskey industry exposes barrel staves to variable conditions

throughout production. These variable conditions lead to differences between staves
leading to chemically different barrel staves compared to their parent tree(Gollihue et al
2018). The barrel production processes of weathering, bending, toasting and/or charring
and maturation could alter the composition and profile of the fatty acids. The weathering
process occurs over months where microbes colonize the wood, starting the
decomposition process(Vivas 1997, Ward et al 1998b). The thermal process of steaming,
toasting and charring will cause thermal breakdown (deoxygenation& cracking) and
oxidation(Asomaning et al 2014). This leads to the mingling of new whiskey fatty acids
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and the barrel environment in which the fatty acid profile content and profile is altered.
Herein, we examined the fatty acid content and profile of bourbon whiskey barrel staves
at different stages on the production line. We found that fatty acids of the barrel stave
were variable and appear to be affected by charring. We also developed a model spirit
maturation system in the laboratory to explore fatty acids extracted into a model spirit
solution. From this we conclude that the alcoholic content of whiskey entering the barrel
for maturation will affect fatty acid extraction in both content and profile.
4.3.1

Fatty Acids and Cooperage

Barrel production has many opportunities for fatty acid profile alterations
including the growth of the tree and manufacturing of the barrel as influencing factors.
Analysis of Querus faginea extracts at various locations showed that content and profile
of fatty acids have some variation depending upon the location of tree growth(Prida &
Puech 2006). During the cooperage process barrel staves are generally weathered for a
period to reduce green flavors. This weathering allows for growth of microbes on the
wood that are hypothesized to break down the wood polymers(Prida & Puech 2006,
Vivas 1997). After weathering barrel staves are randomly selected to form the barrel.
This means that several individual trees from various locations are in a single
barrel(Mosedale & Puech 1998). Once assembled, barrels undergo a thermal treatment of
either toasting and/or charring the wood(Mosedale & Puech 1998). Bourbon whiskey
requires the use of a new barrel, allowing for an in-depth look at how fatty acid content
and profiles change during cooperage charring & whiskey maturation.
When looking at the fatty acid content and profile, the weathering step should not
be overlooked. Weathering of barrel staves occurs as the pre-shaped barrel staves are
exposed to the open air for several months (in the case of our study 24 months). Barrel
staves are cut from logs, leaving the heartwood exposed to the environment for several
months during the weathering process (Cadahia et al 2001, Hale et al 1999, Spillman et al
2004, Vivas 1997, Ward et al 1998b). The process of weathering could lead to shifts in
the fatty acid profile and content of the barrel staves causing the presence of fatty acids
not found in naive wood (Gutiérrez et al 2002b). Fatty acids are found in the
macromolecule triglycerides which in hardwood triglycerides can be hydrolyzed by
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microorganisms, including the fungi types’ ascomycete and basidiomycete(Feldman
1985, Gutiérrez et al 2002a, Martínez et al 2000, Vivas 1997, Ward et al 1998b). These
events would cause wood fatty acids to be synthesized into microbial lipids as the oak’s
fatty acids are metabolized. We hypothesized that this increase in fatty acids in the new
barrel O layer (Fig.4.1b) during colonization of the barrel staves by fungi during
weathering will increase the amount of fatty acids in the wood; indeed our results indicate
that the O layer of the new barrel had a large increase in fatty acid content. (Fig. 4.1b).
This increase of fatty acids will be variable depending on the microorganisms and
weathering conditions(Olennikov et al 2014, Vivas 1997, Ward et al 1998b). The
weathering process could also lead to oxidization and breakdown of the fatty acids in the
wood which generates some of the breakdown products such as the hydrocarbons nonanal
and heptanal that are found in barrel matured spirits(Gómez-Cortés et al 2015, Poisson &
Schieberle 2008b).
The cooperage process involves several heating steps as the barrel is formed and
shaped, the most intensive thermal step occurs during the toasting and/or charring of the
barrel. This process varies between producers and end purpose of the barrel. The barrels
used in this study were charred directly by a natural gas torch for 45 seconds, a type of
quick pyrolysis(Gollihue et al 2018, Mosedale & Puech 1998). This has some potential to
alter the fatty acids as other parts of the wood interact with the fatty acids. Wood is a
complex material that includes structural carbohydrates like cellulose and hemicellulose,
and phenolic polymers such as lignin. These cell wall polymers have been shown to
interact with the oxidization of fatty acids. Hemicellulose is a heterogeneous
carbohydrate mixture in hardwood, made of a combination of glucuronoxylan and
glucomannan(Rowell 2012). Hemicellulose is a combination of sugars that are both
pentoses and hexoses in a -pyranoside conformation that are joined together by a
glucoside bonds and oxygen bridges, linkages which show that hemicellulose will
interact with fatty acids undergoing oxidization; curiously, glycerol reduces these
reactions(Salehi et al 2013). Lignin, a phenolic polymer, is known to yield several
phenolic compounds from charring that could interact with fatty acids undergoing
oxidation. This interaction would be unlikely at concentrations found in naïve
wood(Parsons 2000, Salehi et al 2011). Our findings indicated that a reduction of lignin
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occurs from charring of the barrel (Table 4.1). The profile shifts in the fatty acids from
charring gave the same results as the Bligh & Dyer analysis (Figure 4.1b) as the overall
content was reduced by charring. We expected to see an increase in lignoceric acid
content from charring due to the formation from lignin breakdown to make wood tar.
Instead, we saw that charring reduced the lignoceric acid content (Table 4.1). Perhaps
this indicates that barrel charring is not reaction conditions to generate lignoceric acid as
a breakdown product.
4.3.2

Fatty Acids and Whiskey Maturation

The various distillate alterations that take place during whisky maturation can
lead to changes that would alter the polarity of distillate and could alter the fatty acid
extraction. There are two notable accumulations that occur during whiskey maturation:
ethyl acetate (during fermentation(Piggott et al 1989) and accumulation during
maturation from oxidation of ethanol(Singleton 1995) and hemicellulose breakdown(Lee
et al 2001b, Zhou et al 2017)) and lignin based phenolics(Ferreira et al 2018).
In barrel-matured spirits, free glycerol is associated with triacylglycerols that are
broken down when extracted from the barrel into the whiskey. Glycerol contributes to the
aroma and mouthfeel with oiliness and viscosity(Black 1974, Bortoletto et al 2016, Lee et
al 2001b, Singleton 1995). The liberated fatty acids are slowly esterified in the acidic
ethanol environment of the barrel. The accumulation of esters changes the aroma of the
maturing spirits slowly over time(Singleton 1995). Compounds such as ethyl hexanoate
have been found in the headspace of whiskey (Conner et al 2001), arising from the
breakdown of fatty acids to form hexanoate then undergoing an esterification reaction
with ethanol. Esters of fatty acids and alcohols generally have fruity aromas, and ethyl
hexanoate is no exception with an aroma of pineapples(Conner et al 2001) or apples(Lee
et al 2001b) . In higher alcoholic content beverages such as whiskey the fruity notes are
masked by alcohol (Guth 1997, Poisson & Schieberle 2008a). This causes the fruity notes
to become a more subtle and nuanced note in whiskeys as ethanol is a driver for sensory
perception (Lee et al 2001b, Poisson & Schieberle 2008a, Poisson & Schieberle 2008b).
While it is generally reported that ester formation during maturation causes an
accumulation of ester(Lee et al 2001b, MOSEDALE 1995a) , decline has also been
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reported(Guymon & Crowell 1972, Onishi et al 1977, Singleton 1995). We found that
in our barrel samples there was an increase of volatile petroleum ether soluble material in
the C and P layer as a function of whiskey maturation (Fig. 4.1a). We hypothesize this
mass may include the esters that have been formed during whiskey maturation as these
values are greater (Fig. 4.1a) than the dried oil (Fig. 4.1b) in all barrel samples except the
new barrel O layer. Finally, the fatty acids in the O layer of used whiskey barrels may be
influenced by whiskey molds that grow on the exterior of the barrels and in and around
rickhouses. While we did not see any shifts that we could attribute to the whiskey mold,
it could be an influencing factor for our results in this and future studies(Scott et al 2007).
Fatty acid content in barrels did not change during whiskey maturation. While
myristic acid, oleic acid and linoelaidic acid had a statistically significant interaction,
this interaction is being driven by charring. The changes in fatty acid composition of the
barrel staves after whiskey maturation show similar results to the charring interaction
proving some difficulty in understanding the effect in whiskey maturation , indicating
that barrel variation is difficult to understand oak maturation in this respect (Cadahia et al
2001, Doussot et al 2000, Ferreira et al 2018, Gollihue et al 2018, Marco et al 1994,
Masson et al 1995, Spillman et al 2004, Towey & Waterhouse 1996). This variation is
difficult to parse out and obfuscated the desired objective of the study, seeing if lasting
shifts to the fatty acid profile of the barrel could be passed on to the next user of the
barrel. While our study does not indicate this, studies on reusing barrels have indicated
that ester formation is lower in barrels on subsequent maturations. This indicates that
variation within barrel material potentially exceeds the limit of our sampling (Choe &
Min 2006, Lee et al 2001b, Singleton 1995). Variables that may also influence fatty acid
extraction in a whiskey maturation environment include maturation conditions, barrel
positions within rickhouses, barrel stave’s natural variation or original distillate
differences.
As we desire to understand how whiskey maturation and fatty acid extraction
interacts a model experiment was undertaken. Generally, fatty acids coming from oak are
thought to be longer chained fatty acids (<C8) with shorter chained fatty acids (up to 12C
has been reported in whiskey 29) formed during fermentation and carried over during
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distillation as ethyl esters(Bortoletto et al 2016, Conner et al 1999). We did find that the
model system of oak imparted hexanoic acids and octanoic acids to a model spirit
solution (Table 4.4) with the majority of the fatty acids being greater than >C12. Our
model experiment did indicate that higher amounts of fatty acids can be extracted with
higher ethanol content over a six-week period. Initially we hypothesized that longer
chained fatty acids would be more soluble in greater amounts of ethanol which we
partially confirmed as there was a statistically significant increase in the amount of fatty
acids with carbon C<20 (Elaidic acid, Arachidic acid, Behenic acid, cis-13,16Docosadienoic acid and lignoceric acid) in the 62.5% ethanol treatments when compared
to the other concentrations. These results do indicate that entry ethanol content can
influence fatty acid extraction and should therefore subsequently influence the sensory
impact of a matured spirit. The results in the model experiment also showed a dosedependent response as the 50% ethanol treatment was an intermediate value in both
overall content and individual fatty acids.
In our model experiment we did not find palmitic acid, a fatty acid that is usually
associated with whiskey maturation. We did find a considerable amount of palmitoleic
acid, the unsaturated version of this palmitic acid. We found several unsaturated fatty
acids in our model experiment which was an unexpected results as fatty acids and fatty
acids ethyl ester in whiskey are saturated(Lee et al 2001a). In our model the wood was
not weathered and extraction was performed in a sealed jar. The acidic nature of whiskey
could cause saturation of the palmitoleic acid to palmitic acid slowly over time. Future
work is needed to explore this hypothesis and interactions.
The process by which maturation chemistry occurs is an oxidative reaction that
changes ethanol to acetaldehyde even though whiskey is a reductive
environment(Danilewicz 2016, Oliveira et al 2011, Reazin 1981). This would indicate
that mechanisms found in barrel maturating beverages(Reazin 1981) are not too
fundamentally different than oxidation of fatty acids(Choe & Min 2006) as they both
involve radial reactions catalyzed by metal ions. Oxidation of fatty acids has been shown
to generate many compounds that are acids, hydrocarbons and alcohols(Choe & Min
2006). The breakdown of lipids generates free fatty acids and glycerol. Glycerol content
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has been heavily studied over the years because it adds mouthfeel characteristics to
whiskey(Lee et al 2001b).
The data presented here indicates that fatty acids are reduced in oak barrels during
charring (Fig. 4.1, Table 4.1). Our results may provide an explanation as to why ester
content changes when barrels are re-used for Scotch whisky or other end uses, as the fatty
acid pool appears to be altered during bourbon whiskey aging. Results of fatty acid
content in the C layer of the barrel indicated that charring reduced fatty acid content in
barrel wood. Whiskey mutation gave complex results that are difficult to interpret, with
individual fatty acids varying in a manner that suggests a large amount of stave variation.
This variability may indicate that fatty acid content and profile in a barrel could be
influenced by other factors such as weathering environment, microbial organisms and
conditions of the barrel staves along with induvial tree composition variation(Bortoletto
et al 2016, Conner et al 1999, Gutiérrez et al 2002b, Martínez et al 2000, Olennikov et al
2014, Poisson & Schieberle 2008a, Poisson & Schieberle 2008b, Vivas 1997). It appears
that bourbon whiskey maturation has an interactive relationship with fatty acids, allowing
for some control to be exercised on the extraction by alteration of alcoholic content for
the entry proof or during maturation. These results were produced from barrels that were
aged in Frankfort, KY, USA over seventeen years and are not the product of a controlled
laboratory experiment. Thus, this data reveals where variation exists between barrel
staves, consistent with cooperage production practices that use staves from different
silvicultural zones(Marco et al 1994, Masson et al 1995, Mosedale et al 1998, Mosedale
& Savill 1996, Prida & Puech 2006). These factors are compounded by non-uniform
charring and toasting procedures, and variation in temperatures within the rickhouse
during maturation(Collins et al 2015, Doussot et al 2002, Marco et al 1994, Prida &
Puech 2006, Puech 1984, Puech et al 1999, Sefton et al 1990, Singleton 1995, Spillman et
al 2004, Towey & Waterhouse 1996). This variation impedes our understanding on how
these factors influence the final product characterization and wood distilled interactions.
It remains critical to document fundamental data occurring during industrial production
of bourbon, for increasing knowledge in whiskey maturation interplay with oak.
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4.4

Materials and Methods
4.4.1

Chemicals

All chemicals and reagents used were of analytical grade or higher. Chemicals
were obtained from Sigma Aldrich (St Louis, MO) as applicable.
4.4.2

Sampling

Sampling was done according to a previously published method Gollihue et al.
2018(Gollihue et al 2018).
4.4.3

Lipid Quantification Identification in Barrel Samples

Approximately 2 grams of barrel material were placed in paper towels, folded and
placed into a reflux vessel on top of a round top flask on a heating mantle. The reflux
vessel was filled with volumes of petroleum ether and the condenser tube was placed on
top of the reflux vessels. Reflux of solvent was done for 30 extraction cycles
(approximately 12 hours). Wood samples were then dried and weighed post reflux. The
weight change was then used to determine the amount of petroleum ether soluble material
was in the samples. The mass change of the dried round top flask was used to determine
the amount of fatty acids that were in each sample.
4.4.4

Lipid Composition Identification in Barrel Samples

For fatty acid methylation (FAME), 1 mL sodium methoxide was added to a dab
of oil and shaken for 10 minutes after which 1 mL isooctane containing 0.001% BHT was
added. 200 µL of the upper layer was transferred into a GC vial with an additional 1 mL
of isooctane added.
Methylated samples were then run on a Varian CP-3800 Gas Chromatograph
using a 30m x 0.25 mm ID fused silica column with an Agilent VF23ms coating for
FAME, with a film thickness of 0.25 um. The temperature program started with an
injection temperature of 80 °C to 240 °C with 10 °C ramp/min for a total of a 16 minute
run time with a constant column flow mode of 1.6 mL/min of H2 gas utilizing a splitless
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injection. Detection and quantification was performed by using a flame ionization
detector, with H2=32, N2= 32 and Air= 315 at detection time. Peaks were quantified
using Star Chromatography Workstation Version 6.00, with peak area used to calculate
relative percentages of FAMEs.
4.4.5

Model Maturation System

Quercus alba heartwood was purchased from a commercial supplier. This wood
was milled to a particle size of 250-500 μm, dried in an oven for 24 h at 50 °C then
toasted at 150 °C for 1 h(Morf et al 2002). After toasting, 10 g of wood chips were
placed a jar with 100 mL of 62.5%, 50% or 40% ethanol. Jars were placed in a dark
incubator at 23°C. After six weeks the model spirit solution was removed from the
toasted wood chips. The model spirit solution was subjected to a petroleum ether liquidliquid extraction with the addition of 0.001% BHT and the internal standard,
Heptadecanoic acid. The petroleum ether extract was then dried in a container with a
known mass under nitrogen flow until dry. The change in mass was recorded as the oil
extracted from the wood by the ethanol solution. The dried oil had 500ul of a methanol
HCl 5% solution added and was placed capped in an oven for 2 hour set at 95°C.
Methylation samples were extracted with 500ul of hexane and placed into a capped GC
vail and stored at -30°C before GC analysis. The samples were analyzed on an GC FID
(Agilent Technologies 6850, Santa Clara, CA) using 60m DB-23 column with I.D.
0.25mm and 0.25µm film thickness. Helium was used as carrier gas with 1 mL/min
constant flow, a 1µ Split less injection , injection temperature of 300ºC and temperature
range from 125 to 240 ºC at 3 º/min. Total runtime is 40 min, with acquisition from 8 to
40 min. Fatty acids were identified by retention time and quantified by standard curves.
FID Detector settings were set to a temperature of 300 ºC with 40mls/min of hydrogen
flow, 400mls/min of air flow and 30mls/min flow of helium make up gas. Peaks were
quantified using Chemstation Version with peak area being used to calculate relative
peak area of FAMEs.
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4.4.6

Statistical Analysis

Data were subjected to a two-way ANOVA test using JMP 11. Means were
separated using a Tukey’s Multiple Comparison Test at alpha = 0.05. The software
JMP®, Version11. SAS Institute Inc., Cary, NC, 1989–2007 was used for all statistical
calculations.
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Table 4.1 Fatty acid profile of bourbon barrel staves.
Palmitic
acid

Myristic acid
year
0

10

17

layer

Mean

C

0.11

0.04

O

0.30

C

Oleic acid

Linoeladic acid

Mean

SEM

Mean

SEM

Mean

AB

0.89

0.06

0.42

0.06

0.65

0.03

B

0.60

0.15

0.03

A

1.46

0.25

0.48

0.06

2.53

0.49

A

5.00

0.17

0.08

AB

1.27

0.43

0.49

0.15

1.02

0.38

B

P

0.12

0.05

AB

0.58

0.21

0.21

0.09

0.43

0.16

R

0.11

0.03

AB

0.62

0.15

0.22

0.04

0.50

O

0.18

0.03

AB

0.98

0.23

0.32

0.07

C

0.00

0.00

B

1.35

0.80

0.24

P

0.00

0.00

B

1.48

0.44

R

0.07

0.07

AB

2.18

O

0.08

0.08

AB

2.43

p-value

SEM

Stearic acid

0.0353

SEM

Mean

SEM

B

0.00

0.00

0.04

0.02

0.90

A

0.12

0.04

0.08

0.05

1.27

0.67

B

0.06

0.05

0.02

0.02

B

0.50

0.13

B

0.00

0.00

0.07

0.04

0.10

B

0.79

0.26

B

0.19

0.19

0.02

0.02

0.86

0.27

B

0.96

0.34

B

0.00

0.00

0.10

0.04

0.24

0.00

0.00

B

0.00

0.00

B

0.00

0.00

0.00

0.00

0.00

0.00

0.98

0.18

B

1.46

0.48

B

0.88

0.88

0.00

0.00

0.44

0.28

0.17

0.88

0.36

B

1.15

0.49

B

0.00

0.00

0.00

0.00

0.30

0.36

0.21

2.92

0.36

A

1.45

0.51

B

0.00

0.00

0.00

0.00

0.3608

<.001
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Mean

SEM

Arachidic
acid

Mean

0.0583

SEM

α-Linolenic
acid

<.001

0.458

0.0979

Table 4.1 (Continued)
Dihomo-linoleic
acid

Behenic acid Tricosylic acid Lignoceric acid

Cerotic acid

Mean

SEM

Mean

SEM

Mean

SEM

Mean

SEM

Mean SEM Mean SEM Mean SEM

C

0.00

0.00

0.09

0.06

0.00

0.00

0.24

0.09

0.11

0.07

0.01

0.01

0.01

0.01

O

0.00

0.00

0.28

0.03

0.00

0.00

0.73

0.05

0.39

0.03

0.00

0.00

0.02

0.02

C

0.00

0.00

0.32

0.14

0.00

0.00

0.61

0.24

0.34

0.18

0.02

0.02

0.07

0.05

P

0.00

0.00

0.22

0.09

0.00

0.00

0.77

0.36

0.45

0.19

0.50

0.29

0.48

0.28

R

0.00

0.00

0.23

0.05

0.00

0.00

0.67

0.19

0.39

0.08

0.10

0.10

0.10

0.08

O

0.00

0.00

0.38

0.05

0.00

0.00

1.00

0.18

0.55

0.06

0.09

0.07

0.10

0.07

C

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

P

0.00

0.00

0.15

0.15

0.00

0.00

0.64

0.41

0.59

0.39

0.26

0.26

0.30

0.30

R

0.00

0.00

0.30

0.18

0.00

0.00

0.83

0.49

0.79

0.47

0.00

0.00

0.00

0.00

O

0.00

0.00

0.35

0.21

0.00

0.00

1.01

0.59

1.06

0.62

0.00

0.00

0.00

0.00

year layer
0

10

17

p-value

0

0.5366

0

0.5021
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0.3683

me24:0me

0.1126

me26:0me

0.1925

Table 4.2 Fatty acids profile in model experiment
undecanoic acid
Ethanol
content

Tridecanoic
acid

Mean

SEM

40%

11.89

5.47

b

0.00

0.00 b

50%

27.46

6.54

ab

62.50%

46.48

5.41

a

P-Value

0.0128

Mean

SEM

Elaidic acid
Mean

SEM

6.46

1.75

a

0.00

0.00 b 10.36

2.00

a
b

37.77

15.11 a 17.68

3.08

b

0.0138
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0.0167

Table 4.2 (Continued)
Arachidic acid

Ethanol
content

Mean

SEM

40%

2.01

2.01

50%

6.45

62.50%

22.39

P-Value

Behenic acid

Mean

SEM

a

2.61

0.91

2.06

b

6.32

6.80

b

10.89

0.0138

cis-13,16Docosadienoic
acid
Mean

SEM

a

2.02

0.63

2.31

a
b

2.46

2.65

b

7.05

0.0494

lignoceric acid

Mean

SEM

a

2.25

0.83

a

0.62

ab

2.55

0.69

b

1.98

b

8.10

1.88

b

0.0269

0.0101

The isolated oil transformed into fatty acid methyl esters from the model experiment
were identified by GC retention time and quantified by FID using standard curves.
Higher ethanol content was found to increase fatty acid extraction overall with greater
extraction being ≤20 carbons long. Values present in µg/g of wood. Fatty acids were
found to be significantly different from each other by two-way ANOVA (Tukey-Kramer
multiple comparison test P < 0.05, n = 5; different letters denote significant differences).
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Table 4.3 Fatty acids profile statistically insignificant results of model experiment
hexanoic
acid

octanoic
acid

dodecanoic
acid

myristic acid

Methyl
myristoleate
Mean

Ethanol Mean
content

SEM

Mean

SEM

Mean

SEM

Mean

SEM

40% 19.00

4.53

5.90

1.24

4.30

3.18

0

0

2.41

0.00

50%

3.36

1.12

3.45

1.33

12.68

4.11

0

0

0.00

0.00

62.50% 11.94

5.72

3.94

0.80

5.43

3.56

4.08

2.99

2.14

0.00

PValue

0.0688

0.3164

0.293
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0.4303

SEM

0.4303

Table 4.3 (Continued)
Palmitic acid

Palmitoleic
acid

cis-10Heptadecan
oic acid

Stearic acid

Oleic acid

Ethanol
content

Mean

SEM

Mean

SEM

Mean

SEM

Mean

SEM

Mean

SEM

40%

0.00

0.00

42.65

0.00

6.35

1.78

5.88

1.57

6.03

2.06

50%

0.00

0.00

12.72

2.72

7.56

2.56

3.02

0.73

8.56

1.65

62.50%

0.76

0.76

23.43

6.76

15.19

8.10

5.64

0.96

6.85

4.21

P-Value

0.3966

0.1507

0.4264

0.1881

0.8196

The isolated oil transformed into fatty acid methyl esters from the model experiment
were identified by GC retention time and quantified by FID. While these fatty acids were
not statistically different the same trend of greater extraction occurred from higher
ethanol content in the extraction solution. These fatty acids were found to be statistically
insignificantly different from each other by two-way ANOVA (n = 5). Values present in
µg/g of wood.
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Figure 4.1 Petroleum ether soluble material & fatty acid content in barrel staves.
Petroleum ether soluble material & fatty acid content is lost from the C layer after
charring. (A) The petroleum ether soluble content and fatty acid content of C,P, R & O
layers of a new, ten, seventeen-year-old barrel were measured using values that were
obtained by the mass change in the barrel wood after petroleum ether extraction and are
presented as milligrams of material per gram of barrel material (n=15 ; P = 0.5097; error
bars indicate standard error). (B) The mass of the isolated fatty acids was found to be
similar in the C layers between new, ten, and seventeen-year-old barrel. The P&R layers
of the barrel did not have a clear trend of changes from whiskey maturation. The O layer
of the barrels indicated that the new barrel stave had more fatty acids. The mass change
noted in the wood is to be expected after whiskey maturation as esterification of the fatty
acid occurs and other volatile compounds are not measured. (n=15; P = 0.4997; error
bars indicate standard error) Values present in mg/g of barrel wood.

107

Figure 4.2 Direct Measurement of the model spirits solution fatty acids.
A model experiment demonstrates that ethanol content can influence fatty acid extraction
from the oak. Fatty acid content from the model experiment was measured by the dry
weight of the material after extraction and isolation by petroleum ether (A). The isolated
oil transformed into fatty acid methyl esters was quantified by GC-Fid values present is
the summation of all measured peaks (B). Both methods indicated that the higher the
ethanol content the greater fatty acids were extracted. The level of fatty acid content in
the substrate treated with 62.5% ethanol solution was significantly higher than that of the
40% ethanol with increases in the levels of fatty acid content in the 50% (Tukey-Kramer
multiple comparison test P < 0.05, n = 5).
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CHAPTER 5. BIOMASS, PHENOLICS, AND ASH
5.1

Introduction
The bourbon barrel is a complex vessel, comprised of staves made out white oak

(Quercus alba). Because each barrel varies between craftmanship and production
tradition, there is a variation in the matured, or barrel-aged, spirits. The function of a
barrel is not only a vessel but a catalyst for transformation of the whiskey
flavor(Danilewicz et al 2008, del Alamo-Sanza & Nevares 2017, del Alamo-Sanza et al
2016, Mosedale & Puech 1998) by subtracting undesirable flavors from a raw spirit(Lee
et al 2001b, Piggott et al 1995, Piggott et al 1989) and adding the pleasant oak note
during whiskey maturation(del Alamo-Sanza & Nevares 2017, Piggott et al 1989, Puech
1984, Reazin 1981). The wooden barrel staves are composed of cellulose, hemicellulose,
lignin, minerals, and fatty acids. Important compounds extracted from the wood are
composed of hydrolyzable tannins(Helm et al 1997, Masson et al 1995, Mosedale et al
1996) and phenolics(Mosedale & Savill 1996, Zhang et al 2015a) that should be surveyed
for changes during cooperage and whiskey maturation. These compounds are extracted,
transformed and reacted in the chemical soup that is whiskey maturation.
Wood is a complex substrate that contains many compounds that are extracted and
undergo reactions within the distillate. During cooperage and whiskey maturation,
different compounds and elements in the wood and whiskey are changed. Hydrolyzable
tannins and phenolics are extracted from the wood into the distillate and are thought to
contribute to the unique flavors of whiskey(Lee et al 2001b). The amount of these
compounds has been shown to be variable depending upon the whiskey production
tradition(Lee et al 2001b). Bourbon is required to use a new charred oak barrel (Poisson
& Schieberle 2008a); this charring is thought to break down lignin and generate oxidized
lignin compounds that are positive flavors(Reazin 1981). Lignin compound precursors
can also be directly extracted from the barrel and oxidized during whiskey maturation
(Lee et al 2001b).
The previous chapters have shown how several major portions of wood are altered
from cooperage and whiskey maturation. A whiskey barrel is composed of more
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substances than cellulose, hemicellulose, lignin and fatty acids. There are minor other
components such as ash and extractible phenolics. Ash or metal content is generally not
of concern in the context of whiskey maturation unless iron contamination has occurred.
Metal ions, specifically iron and copper, are thought to be the chemical catalyst for
oxidation during whiskey maturation as well as in other alcoholic beverages(Danilewicz
2016, Danilewicz et al 2008, del Alamo-Sanza & Nevares 2017, del Alamo-Sanza et al
2016, Elias & Waterhouse 2010, Waterhouse & Laurie 2006, Wildenradt & Singleton
1974). Other metal compounds may also have upstream effects on the barrel, specifically
at the point of charring and/ or toasting as these thermal processes are affected by the
presence and composition of these inorganics(Jia et al 2017, Liu et al 2015, Mohan et al
2006, Neves et al 2011, Patwardhan et al 2010, Richards & Zheng 1991, Scott et al 2001,
Wang et al 2013) resulting in breakdown byproducts. These breakdown products are
called bio-oil in biofuels literature but are chemically the same as the extracted wood
compounds found in whiskey(Alañón et al 2010, Clyne et al 1993, Conner et al 1992,
Conner et al 1993, Farrell et al 2015, Liu et al 2015, Mosedale 1995b, Mullen & Boateng
2010, Nonier et al 2011, Pinto et al 2011, Shen et al 2010). Ash content in Quercus alba
new and the outside of used barrels was measured and found to be approximately 0.4%
(Chapter 3 Fig.6) of the mass of the barrel cell wall, however trace levels of Alkali and
Alkali -earth metals found within the ash can alter chemical pathways during
pyrolysis(Klampfl et al 2006, Liu et al 2013, Liu et al 2015, Mohan et al 2006, Paris et al
2005, Patwardhan et al 2010, Poisson & Schieberle 2008a, Poisson & Schieberle 2008b,
Richards & Zheng 1991, Scott et al 2001). The resulting products from barrel pyrolysis
in the presence of these metals are shifted or not formed into compounds that would be
related to whiskey aroma(Klampfl et al 2006, Liu et al 2013, Liu et al 2015, Mohan et al
2006, Paris et al 2005, Patwardhan et al 2010, Poisson & Schieberle 2008a, Poisson &
Schieberle 2008b, Richards & Zheng 1991, Scott et al 2001).
Herein we explore phenolic and hydrolyzable tannin content of bourbon barrel
staves and further evaluate ash content, ash profile modification of oak barrel staves, and
individual Quercus alba cell wall variation. Our findings, in combination with our
previous work and published data of the chemical changes that occur to whiskey barrels
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during cooperage and whiskey maturation only begins to elucidate some knowledge
about the complex chemistry of whiskey maturation.
5.2

Results
Oak wood is a complex matrix which has many different extractable

compounds(Ferreira et al 2018, Zhang et al 2015a). This creates a need to survey
different parts of a barrel to understand how changes are occurring during the process of
cooperage and whiskey maturation. Phenolic compounds have been of interest in wine
and whiskey as they impart flavors of cherry, vanilla, smoke and medicinal and alter
mouthfeel(Clyne et al 1993, Harbertson et al 2014, Lee et al 2001b, Liebmann &
Rosenblatt 1943, Liebmann & Scherl 1949, MOSEDALE 1995a, Poisson & Schieberle
2008a, Poisson & Schieberle 2008b, Puech 1981). A narrower class of phenolic
compounds that have been of much interest are hydrolyzable tannins. Hydrolyzable
tannin content in barrel wood is thought to be very important to whiskey(Clyne et al
1993, Conner et al 1992, Doussot et al 2002, Lee et al 2001b, Liebmann & Rosenblatt
1943, Liebmann & Scherl 1949, Masson et al 1995, Mosedale et al 1996, Nonier et al
2011, Puech 1981, Reazin 1981, Singleton 1995) as it has been shown to impact flavor in
other beverages(Glabasnia & Hofmann 2006, Hagerman 2002, Helm et al 1997, Masson
et al 1995, Mosedale et al 1996, Puech et al 1999, Versari et al 2013).
5.2.1

Phenolic Contents Found in the Interior of Barrel Staves

Oak is composed of phenolic compounds found in the lignin that makes up the
wood. The soluble material in oak barrel staves were extracted in methanol and measured
using the Ciocalteu Micro Method after filtering and volume reduction under nitrogen
flow(Cicco et al 2009). Phenolics were sampled according to the methods found in
Gollihue et al 2018 along with the nomenclature describing parts of the barrel staves. We
found a significant interaction with some interesting changes occurring in barrel staves
(Figure 5.2 P < 0.0001, two-way ANOVA). Charring reduced phenolic content in the
new barrel staves from 1.12 in the O layer to 0.30 μg/mg in C layer, there was a large
increase in phenolic content at charred year five (2.198 μg/mg) then a decline in six
(0.86μ g/mg) and ten-year-old (0.179 μg/mg) barrels. We found there was some
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variation in the phenolic content in the O layer of the barrel staves with values ranging
1.2 μg/mg- 1.7 μg/mg. As the O layer is the outside of the barrel not charred or in
contact with distillate, we expected a narrower range of values. The highest phenolic
content we found was in the P and R layer of the 10 year barrel stave with 1.02 μg/mg &
2.09 μg/mg respectively.
To visualize the phenolic content in barrel staves, cross sections were cut on a
new barrel and ten-year-old barrel stave. These cross sections were stained with a ferric
chloride solution, reacting with phenolic compounds to turn black. Areas with greater
phenolic content would appear darker, as was evident in the new barrel stave sample
(Figure 5.3a). Areas of the wood with reduced phenolic compound appear lighter as
found in the ten-year-old barrel stave cross section (Figure 5.3b). It is noteworthy that
the darker band in ten-year-old barrels appears where the R layer of the barrel is found.
5.2.2

Hydrolyzable Tannins Found in the Interior of Barrel Staves

Hydrolyzable tannin content was determined by reaction with potassium iodate as
described by Hagerman et al 2002(Hagerman 2002). Sampling was conducted in the
same manner as phenolic analysis. We found a significant interaction with hydrolyzable
tannin content with the C layers of the new, five-, six- and ten-year-old barrels (0.58
μg/mg in new declining to 0.36 μg/mg in ten-year (Figure 5.1 P < 0.0001, two-way
ANOVA). We found that hydrolyzable tannin content between barrel ages was not
statistically significant in the O layer of the barrel. The highest hydrolyzable tannin
content we found was in the P and R layer of the ten- year old barrel stave with 1.02
μg/mg and 2.09 μg/mg respectively.
5.2.3

Barrel Staves and Select metal Ion Analysis

Barrel charring can be a type of pyrolysis chemistry as the fire quickly consumes
the oxygen in the barrel(Clyne et al 1993, Mosedale 1995b, Mosedale & Puech 1998).
Pyrolysis chemistry can be influenced by several factors including metal ions which
alters chemical products(Collard et al 2012, Fahmi et al 2007, Klampfl et al 2006, Liu et
al 2017, Mourant et al 2011, Pan & Richards 1989, Richards & Zheng 1991, Shi et al
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2012, Vaughan et al 2001, Yang et al 2010, Yu et al 2000). We measured the metal ions
(Na, Mg, K, Ca, Mn and Li) located in the C and O layer of new , five, ten and seventeen
year-old barrels and found that each metal ion had a range of values across measured
samples with Na (43 to 200 ppm), Mg (7 to 212ppm), K (374 to 1058 ppm), Ca (831 to
3040), Mn (0 to 36) and Li (0 to 1.3) (Table 5.1).
5.2.4

Chemical Pre-Treatment for Inorganic Removal from White Oak

As we found a range of values across measured samples for metal ions in oak we
wanted to test the hypothesis that altering the metal ions would have an impact on the
wood’s volatile compounds. We used a model system in which oak wood chips were
milled and sieved to a uniform size of 1mm and compared different treatments that
altered the inorganic content. The chips were treated similarly to 100 grams of wood used
in a previously published method. Treatments surveyed and references can be found in
Table 5.2.
An impractical but insightful experiment would be to test the impact of metal ions
on oak based on soil types, either rich or deficit in specific minerals, as the growth
environment can influence ash content and profile(Saarela et al 2005). While this could
be completed, a more practical experiment would be to determine chemical pretreatments
that have been used on biomass crops that could remove ash content to alter earth alkali
minerals. Ash content reduction functions as a simple screening of the pretreatments for
further measurement of inorganic elements of interest. Ash content is a crude
measurement for the total of all the inorganic compounds in a material after the sample
has been incinerated. Ash content values (Table 5.3. P < 0.0001, two-way ANOVA)
were found to be 1.4 mg/g in the control sample and significantly reduced by all
pretreatments when compared to the control. All pretreatments on wood chips did
result in a significant ash reduction compared to control (EDTA 0.94 mg/g; DI water
0.41mg/g; tartaric wash 0.30 mg/g; 1% nitric acid wash 0.22 mg/g).
The focus on reducing the minerals is to eliminate inorganic elements (Na, Ca, K,
Li and Mn) that are known to act as catalysts during pyrolysis and thermolysis. We also
felt that it would be prudent to see if any changes happened to the metals Cu and Fe as
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these compounds are important for whiskey maturation through oxidation chemistry.
Therefore, in addition to measuring ash content for overall inorganic compound makeup,
we also wanted to evaluate the composition-specific metals of interest. EDTA, DI water
and a 1% nitric acid solution were used to treat wood chip samples before dissolving in
aqua regia for measurement of specific metal content using IPC-MS (Table 5.4). Our
results indicated that each treatment resulted in elevated amounts of the target specific
metals.
5.2.5

Cell Wall Composition Variation in Quercus alba: The Postage Stamp Plot

White oak is a hardwood tree which has been shown to have traits that are
influenced heavily by the local environment(Gram & Sork 2001), possibly
contributing to the diversity found amongst trees. We wanted to investigate the
influence of the environment (control) on the individual trees (variable). Quercus alba
seedlings originating from a diverse geographical background were planted in a single
plot in 1984. Trees were planted in a randomized complete block design and managed
using established methods(Huang et al 2015, Rink & Coggeshall 1995). Tree cores
were collected from the plot (at 38° 49 N 86° 05 W) 34 years later at 1.5m off the
ground. These samples were measured to gain insight into the variation in the
hardwood cell wall composition. Cellulose values of the core samples made up 27.0%
to 32.4% of the total cell wall (Chapter 2)(Updegraf.Dm 1969), hemicellulose values
were 31.5% to 41.2%, and lignin cell wall values were between 31.7% to 36.9% of the
total cell wall (Chapter 3)(Barnes & Anderson 2017). The wide range of measured
values for each of the three biopolymers show that there was indeed variation between
individual trees irregardless of being grown in a singular environment.
5.3

Discussion
Production processing of an oak barrel alters the wood to be considerably different in

composition compared to freshly harvested oak. The production process (Chapter 1) is
carried out in such a manner to generate the desired flavors and to mellow harshness(Lee
et al 2001b). Through weathering, bending, toasting, charring and whiskey maturation
the oak is changed. Throughout the studies of oak there has been a focus on the volatile
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compounds’ impartment into wine or whiskey. These studies generally focus on volatiles
extracted from new barrels, where we attempt to use charred or aged samples(Conner et
al 1993, Doussot et al 2002, Masson et al 1995, Prida & Puech 2006, Versari et al 2013).
Several studies have looked at how volatile formation and extraction of these compounds
occur yet no chemical mechanism for barrel variation has been explored(Baldwin et al
1967, Cadahia et al 2001, Clyne et al 1993, Collins et al 2015, Conner et al 1993, Farrell
et al 2015, Liebmann & Rosenblatt 1943, Liebmann & Scherl 1949, Marco et al 1994,
Mosedale et al 1998, Mosedale & Savill 1996, Prida & Puech 2006, Reazin 1981, Sefton
et al 1990). We found that there are some interesting results with hydrolyzable tannin
and the broader class of phenolic compounds in barrel staves. Furthermore we looked at
biomass composition and ash composition as these factors are influential in pyrolysis
product formation(Azeez et al 2011, Collard et al 2012, Jia et al 2017, Klampfl et al
2006, Mohan et al 2006, Patwardhan et al 2010, Van de Velden et al 2010).
5.3.1

Hydrolyzable Tannins Content and Whiskey Barrels

Hydrolyzable tannin is a class of compounds that is found in oak that is a
polyhydric alcohol with a glucose as the basic structural unit of which the hydroxyl
groups have been esterified by gallic acid(Puech et al 1999). This specific compound is
of interest in beverage alcohol- particularly wine that has been aged in oak. Hydrolyzable
tannins are variable in wood of the same species, growth location, and sampling location
on the trunk (Marco et al 1994, Masson et al 1995, Mosedale et al 1996, Mosedale et al
1998, Mosedale & Savill 1996, Prida & Puech 2006, Spillman et al 2004) .The
cooperage process reduces hydrolyzable tannin content in wood as the molecule is
sensitive to oxygen, heat, microbial consumption and is water soluble(Glabasnia &
Hofmann 2006, Helm et al 1997, Lee et al 2001b, Masson et al 1995, MOSEDALE
1995a, Mosedale et al 1996, Piggott et al 1995, Puech et al 1999, Versari et al 2013).
This leads to the tannins being destroyed by the weathering process, the heat of the
bending and toasting/ charring processes(Clyne et al 1993, Glabasnia & Hofmann 2006,
Lee et al 2001b, MOSEDALE 1995a, Piggott et al 1995, Piggott et al 1989). On the
surfaces (C&O) of the barrel staves tannin content is found to be reduced when compared
to the interior of the barrel stave (Figure 5.1). The interior of the barrel stave (the P&R
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layer) was found to have a reservoir of hydrolyzable tannin that may be extracted or
react during whiskey maturation. This conceivability would be appropriate as the inner
parts of the barrel stave would be the most insulated to the cooperage process preventing
degradation of the tannins.
Hydrolyzable tannins have been defined as a class of water-soluble plant
polyphenolics that have the ability to bind to protein and cause a sensation of astringency
when tasted(Puech et al 1999). The method that has been used to measure tannins is the
Folin-Ciocalteau method in wine and spirits(Baldwin et al 1967, Liebmann & Rosenblatt
1943, Liebmann & Scherl 1949, Puech 1981, Puech et al 1999, Reazin 1981, Versari et al
2013). This however does have some issues as many other phenolic compounds are found
in wood such as simple phenolics, phenolic acids, coumarins, flavones lignans,
neolignans and lignins, and many others are also found in oak matured products and
would also react during the Folin-Ciocalteau method (Cadahia et al 2001, Deshpande et
al 1984, Zhang et al 2015a). This would mean that oak extracts/whiskey have more
phenolics than just tannins(Baldwin et al 1967, Clyne et al 1993, Fujieda et al 2008,
Glabasnia & Hofmann 2006, K.A. Jacques 2003, Lee et al 2001b, Liebmann &
Rosenblatt 1943, Liebmann & Scherl 1949, MOSEDALE 1995a, Piggott et al 1995,
Reazin 1981). This has led to somewhat a misnomer of the idea that bourbon is very
tannic, when in reality bourbon has elevated phenolic content compared to other
whiskeys(Mosedale & Puech 1998). When more precise methods were used to measure
hydrolyzable tannin, content was found to be below the sensory detection thresholds
(Glabasnia & Hofmann 2006). To ensure that tannin content was not overestimated
during measurement the Hagerman method was used to ensure background
measurements of the phenolic were taken and subtracted(Hagerman 2002).
5.3.2

Phenolic Content and Whiskey Barrels

Phenolic compounds can impart many different potential aromas and mouth feels.
As previously mentioned, there is considerable diversity found in oak. These phenolic
compounds measured by the Folin-Ciocalteau method have in the past been mistaken for
tannins(Mosedale & Puech 1998). The measurement of phenolic compounds in our
barrel staves indicated that charring reduced phenolic content in the C layer specifically
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in the new barrel. There was an increase in phenolic content in the C layer after whiskey
maturation in the five- and six- year barrel. There are two possible explanations for this
finding- that phenolic content in barrel staves is variable or that congeners from the
whiskey are found in the barrel wood and then diffuse back out of the wood. The latter is
possible, however the data from this measurement was considerably variable in phenolic
content of the O layer between years, so variability seems more plausible.
Visualization of the phenolic content was achieved via a staining of the stave
wood with an acidic iron chloride solution (Figure 5.3). This staining method gives a
broad look at the phenolic content in barrel staves and indicated that phenolic content is
higher in new barrel staves (Figure 5.3a) when compared to the ten-year old barrel staves
(Figure 5.3b). There is a darker band through the barrel stave at the R layer in the tenyear old barrel similar to the findings found from the hydrolyzable tannin (Figure 5.1)
and phenolic content (Figure 5.2) measurements. These results are similar to other
findings that have been used to establish the hypothesis that phenolics and tannins are
solubilized by alcohol-water mixture and at the liquid-gas interface an effective oxygen
barrier is formed in the barrel stave(Feuillat 1996, Singleton 1995, Vivas & De Gaulejac
1999, Vivas & Saint-Cricq de Gaulejac 1998). Interestingly as noted in chapter 2 ,
Figure 2.1 the R layer is red in appearance, however oxidized tannins are brown in
appearance when observed in a similar location in wine barrels(del Alamo-Sanza &
Nevares 2017, Fujieda et al 2008, Singleton 1995). These results also indicate some
validation to claims that the R layer or red line in the stave is the point of extraction in the
wood (chapter2).
5.3.3

Metal Content Alteration of White Oak Chips

Wood, like other biomass undergoing pyrolysis or thermolysis reactions, acts in a
manner that is subjective to several interacting factors. These factors include ash content
and profile, with specific interactions from Alkali and Alkali -earth metals(Azeez et al
2011, Leijenhorst et al 2016, Lu et al 2011, Patwardhan et al 2010, Richards & Zheng
1991, Scott et al 2001). The presence of these metals alters the products and quantity of
compounds from pyrolysis and thermolysis(Azeez et al 2011, Collard & Blin 2014,
Leijenhorst et al 2016, Mohan et al 2006, Morf et al 2002, Patwardhan et al 2010,
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Richards & Zheng 1991, Van de Velden et al 2010). There has been interest in
developing sustainable biomass-related products through pyrolysis and thermolysis as
many of the compounds produce useful chemicals(Collard & Blin 2014, Mohan et al
2006). The chemical processes that occurs in these reactions are not dissimilar to that of
the thermal processes occurring during the toasting and charring of barrels(Collard &
Blin 2014, Lee et al 2001b, Mohan et al 2006, Poisson & Schieberle 2008b, Reazin
1981). An example of such a compound is furfural which can be used as a biofuel or
food additive and is found in barrel aged products(Pan & Richards 1989, Patwardhan et
al 2010, Richards & Zheng 1991). Early findings in biorefining studies were highly
variable in a similar manner to that found in barrels(Collard & Blin 2014, Lee et al
2001b, Mohan et al 2006, Poisson & Schieberle 2008b, Reazin 1981). We found that
barrel staves were not uniform in Alkali and Alkali -earth metals with large differences in
content and profile (Table 5.1). This provides an underlying factor in the variation in
barrel staves. While specific metal ions have been shown to alter biomass pyrolysis, these
ions are found in wood and can be driven by the growth environment(Azeez et al 2011,
Liu & Bi 2011, Saarela et al 2005).
Biomass refinement has found several different means to remove inorganic
content including chelation, acid washing and washing with deionized water(Collard et al
2012, Mohan et al 2006). Success in altering ash content of wood has been achieved
specifically inpoplar (Populus tremula) which is similar to white oak (Quercus alba) as
they both have tylose content(Kitin et al 2010). During experimental set up we chose to
pick a wood chip size of 5mm where previous studies used 0.5mm particle size. The
purpose for this was to have a particle size that was similar to wood chips that are used in
the wine industry for oaking large tanks of wine.
The initial findings of ash content modification indicate that the inorganic fraction
had declined with the treatments. The reduction of overall ash content by the acid washes
has been shown to be more effective in poplar and several other woods than washing with
DI water or being treated with a chelator such as EDTA(Das & Sarmah 2015, Liu et al
2017, Liu & Bi 2011, Shi et al 2012, Vamvuka et al 2006). Wood chips treated with
EDTA had the least reduction of ash content when compared to the control as the
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treatment increases the sodium content in the wood. The sodium salt configuration of
EDTA was used instead of the conjugate acid leading to an accumulation of sodium in
the treatment wood in the 24 hr leaching of the treatment; these effects were not quite as
severe in the 1 hr leaching treatment. While the water wash, EDTA chelation and tartaric
acid resulted in higher levels of metal ions than the control, the 1% nitric acid treatment
did cause an overall reduction. This overall reduction was not found to be as effective as
the published findings of approximately 95% removal, although those results were found
in Eucalyptus socialis (Mourant et al 2011). We attribute the lack of reduction of Alkali
and Alkali -earth metals to the physical structures of the white oak preventing effective
pretreatment(Davidsson et al 2002). White oak has many tyloses throughout the wood
which prevents leakages in barrels but also appears to inhibit chemical pretreatments (del
Alamo-Sanza & Nevares 2017, Mosedale & Puech 1998, Mourant et al 2011). Treatment
with 1% nitric acid wash showed some promise with decreased amounts of potassium but
resulted in an increase in sodium and calcium content when compared to the control.
These findings do raise an issue that a direct testing of the hypothesis of the impact of
metal ions using a model in white oak is unachievable. However the supporting evidence
in the literature in similar systems without tyloses have shown success(Azeez et al 2011,
Collard & Blin 2014, Das & Sarmah 2015, Davidsson et al 2002, Jia et al 2017, Kitin et
al 2010, Klampfl et al 2006, Liu et al 2017, Liu & Bi 2011, Mohan et al 2006, Morf et al
2002, Mourant et al 2011, Neves et al 2011, Richards & Zheng 1991, Sauvageot &
Feuillat 1999, Scott et al 2001, Shi et al 2012, Stefanidis et al 2014, Van de Velden et al
2010, Yang et al 2010, Yu et al 2000, Zhang et al 2015b). A future experiment that could
be helpful in testing this hypothesis would be mineral manipulation and pyrolysis using
Quercus rubra wood chips as red oak lacks tyloses(Rioux et al 1995).
5.3.4

Variation of Quercus alba Cell Wall Composition

White oak extractable contents are known for having a large amount of variation
as far as extractable compounds found in the wood(Doussot et al 2000, Ferreira et al
2018, Glabasnia & Hofmann 2006, Mosedale et al 1996, Mosedale et al 1998, Mosedale
& Savill 1996, Sauvageot & Feuillat 1999). The factors driving this variation in
extractable compounds have been attributed to genetic differences between individuals
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within the population(Mosedale et al 1996, Mosedale et al 1998, Mosedale & Savill
1996, Sauvageot & Feuillat 1999). Hardwoods like white oaks have been noted to have
strong gene by environment interactions(Gram & Sork 2001). The finding from the
postage stamp plot indicate that cell wall composition is variable through genetic factors
as the trees in the plot were collected from the natural range of Quercus alba (Figure
5.3). We showed that cell walls share the same trend as other hardwood in similar growth
environments yielding differences among cellulose, hemicellulose and lignin content.
Our data suggests that this trend of variation among individual white oaks trees
extends to cell wall composition and is similar to other studies looking at variation in
extractable compounds. This echoes the general trend throughout the study of finding a
range of values on the outside of barrel staves in cell wall content. This has some
interesting implications as Quercus alba cell wall composition is more diverse than
recorded(Le Floch et al 2015a). The implications of this is two-fold for potential volatile
compound generation in barrels. The first impact is the most direct as extraction from the
wood into the spirit results in different compounds (Chapter 2)(Gollihue et al 2018). The
second impact is during the cooperage process, specifically during the charring and or
toasting of the barrel. The composition of wood directly affects the product formed
during the pyrolysis or thermolysis process(Azeez et al 2011, Collard & Blin 2014, Liu et
al 2015, Neves et al 2011, Stefanidis et al 2014, Zhang et al 2015b). These products are
the volatile compounds of interest that are formed during toasting or charring for
extraction into barrel aged products(Cadahia et al 2001, Doussot et al 2002, Farrell et al
2015, Gougeon et al 2009, Le Floch et al 2015b, Lee et al 2001b, Mosedale 1995b,
Mosedale & Savill 1996, Nonier et al 2011, Singleton 1995, Spillman et al 2004). The
range of values in the composition of oak cell walls will have compounding interactions
from the mineral content found within the oak which has a major impact on volatile
formation in controlled conditions(Azeez et al 2011, Collard & Blin 2014, Collard et al
2012, Liu et al 2015, Lu et al 2011, Richards & Zheng 1991, Scott et al 2001, Van de
Velden et al 2010). These reactions are also sensitive to temperature of pyrolysis which
may become a factor in some traditional cooperages using firepots to char barrels; a
natural gas torch should be less variable in conditions compared to a wood fire(Collard &
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Blin 2014, Collins et al 2015, Liu et al 2015, Lu et al 2011, Mamleev et al 2009, Mohan
et al 2006, Van de Velden et al 2010).
The variation in barrels is well documented(Collins et al 2015, Doussot et al 2002,
Marco et al 1994, Mosedale et al 1998, Mosedale & Savill 1996, Spillman et al 2004,
Towey & Waterhouse 1996), however the sources of this variation have not been
explored for products formed during the cooperage process. We found that the factors
that influence the end products in pyrolysis reactions of biomass were variable in
Quercus alba barrel staves. It appears that one of the driving factors for volatile
formation in barrels are Alkali and Alkali -earth metals that are endogenous factors and
cannot be altered within the barrel staves. Our results indicate that two of these factors in
Quercus alba wood, cell wall composition and Alkali and Alkali -earth, are variable thus
resulting in variation of barrel-specific compounds. This would result in variable wood
breakdown products that make up volatile compounds in barrel aged beverages. These
findings function as a chemical explanation for the barrel variation. The impact of this
work gives a chemical basis for the underlying cause of variation compounds of interest
in barrel matured products.
5.4

Methods
5.4.1

Hydrolyzable Tannin Content

Hydrolyzable tannin content was determination by reaction with potassium iodate.
Extraction of the wood staves was carried out under methanolysis conditions as described
by Hagerman 2002(Hagerman 2002). In short, 40 mg of dried barrel sample was added
to a glass tube with a Teflon cap liner on the screw top. To this tube 2ml of methanol and
200 μL of 18M sulfuric acid was added. Caps were tightened to prevent solvent
evaporation and placed at 85°C for 20hrs. The supernatant was quantitatively transferred
to a graduated cylinder and the volume was raised to 3ml with distilled water that had
washed the methanolysis tube and sample. The sample was neutralized using 200 μL of
ethanolamine added in four aliquots. The sample was further buffered with 500 μL of
3.7M ammonium acetate with a pH adjustment to 5.5 using ethanolamine or sulfuric acid.
The reaction with potassium iodate was carried out as follows: A methanolyzed sample, a
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pH adjusted extract sample and methyl gallate standard had a 100 μL added to a
microcentrifuge tube with 350μL water and 1ml of methanol and vortexed. The tubes
were tightly capped and placed into a 30°C water bath. A background mixture was
prepared in tandem with the substitution of the water with 350μL of 0.3 N hydrochloric
acid. An aliquot of 40μL potassium iodate solution of 5% was added to each sample and
incubated at 30°C water bath for 50 min. The absorbance of samples was measured using
a Bio-Mate Thermo Scientific spectrophotometer (Thermos Fisher, Waltham, MA, USA)
set at Absorbance 525nm. A standard curve was established using methyl gallate.
5.4.2

Phenolic Content Extraction

Phenolic compounds were extracted from 100mg of wood chips in 10ml of
methanol for 24h at 60°C in capped glass tubes. This extract was filtered through a .22um
syringe filter then dried in a vacuum oven at 60°C under nitrogen. The sample was
reconstituted in 500μl of methanol and vortexed. The Folin-Ciocalteau Micro Method for
total phenols was as used as described by Waterhouse et al on methanol
extract(Waterhouse 2002). The absorbance of samples was measured using a Bio-Mate
Thermo Scientific spectrophotometer (Thermos Fisher, Waltham, MA, USA) set at OD
765nm. This was in quadruplicate two times for a total n=8.
5.4.3

Ferric Chloride Staining

Iron chloride solution of 10mM was acidified with 125μL with 37% HCL. Barrel
stave cross sections were cut from new staves and 10 year used bourbon barrels using a
circular saw. These cross sections were placed into large glass petri dishes and were
covered in ferric chloride solution or water. Samples were held in respective solution for
1h then dried at room temperature on clean paper towels. Images of cross sections were
taken using an iPhone 5 S (Apple Inc., USA) camera.
5.4.4

Metal Analysis

Inductively Coupled Plasma – Atomic Emission Spectroscopy (ICP-AES)
analyses were performed using a Varian Vista-PRO instrument. Samples of
approximately 300mg wood were dissolved in aqua regia. The aqua regia solution was
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then measured using Proton Induced X-ray Emission (PIXE) measurements were
performed at Elemental Analysis, Inc. (Lexington, KY), using a General Ionex Corp.
Tandetron Model 48 4110A proton accelerator coupled with a custom X-ray Emission
apparatus. Prior to ICP-AES analysis, solid samples were milled and homogenized to a
particle size of 250μm.
5.4.5

Biomass Analysis of Quercus alba Variable Genetic Background

Quercus alba trees location , planting , and management have been published
by Rink and Coggeshall 1995(Rink & Coggeshall 1995). Quercus alba wood samples
were obtained using a Jim-Gem 8’’ increment borer, 3-thread, (unknown producer).
Core samples were taken at approximately 1.5m off the ground. Wood samples were
dried at 100°C and ground into a fine powder and ethanol washed. Cellulose content
was determined by method Updegraft (Updegraf.Dm 1969)(Chapter 2). Lignin
content was determined by Acetyl Bromide method as mass was too limited for Kraft
lignin analysis with a correction factor(Barnes & Anderson 2017). Correction factor
was generated from known lignin sample generated by Kraft lignin analysis.
Hemicellulose content was determined by subtraction of the sum of the lignin and
cellulose content.
5.4.6

Statistical Analysis

Data were subjected to a two-way ANOVA test using JMP 11. Means were
separated using a Tukey’s Multiple Comparison Test at alpha = 0.05. The software
JMP®, Version11. SAS Institute Inc., Cary, NC, 1989–2007 was used for all statistical
calculations.
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Table 5.1 Specific metal ions that influence pyrolysis chemistry in barrel samples
Na

Mg

K

Ca

Mn

Li

Mean

SEM

Mean

SEM

Mean

SEM

Mean

SEM

Mean

SEM

Mean

SEM

0C

145.0

23.4

13.4

5.2

374.4

43.5

1317.4

296.6

5.0

-

-

-

0O

84.0

8.0

7.0

4.1

377.5

18.5

831.5

58.5

-

-

-

-

5C

73.5

42.5

74.5

34.5

329.5

67.5

2424.5

355.5

19.5

13.5

1.3

0.2

5O

200.5

25.5

27.0

10.0

439.5

20.5

1015.0

143.0

9.1

-

-

10C

145.3

69.5

212.3

102.8

791.3

258.4

3040.7

1040.1

36.3

5.2

0.3

-

10O

65.5

9.5

153.5

27.5

1058.0

399.0

3013.5

630.5

25.5

4.5

-

-

17C

43.8

7.9

56.8

21.4

379.8

20.8

1429.2

497.2

22.3

16.6

0.8

-

17O

133.6

23.2

43.2

12.1

582.8

36.0

1714.4

369.6

4.3

0.7

-

-

All values presented in PPM (n=5 analysis done in duplicate).
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Table 5.2 Chemical Pre-Treatment for Inorganic Removal From Biomass

Treatment

Concentration

Duration

Temp

Pressure

Liquid:solid

15psi

120:1

Water Wash
DI Water

30min

134

(Davidsson
et al 2002)

Cheaters
EDTA

0.05M

1hr

200°C

0.05M

24hrs

60°C

20:1

(Edmunds
et al 2017)

20:1

(Edmunds
et al 2017)

Acid Wash
Nitric acid
Nitric acid

Tartaric acid

1%

24hrs

60°C

0.1%

24hrs

60°C

6M

1hrs

60°C
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10:1
10:1

(Mourant
et al 2011)

100:1

(Yang et al
2010)

Table 5.3 Ash Content of Treated Wood
Mean (mg/g)

SEM

level

Control

1.400

0.056

A

EDTA

0.984

0.046

B

DI Water

0.412

0.040

C

Tartaric acid

0.302

0.035

C

0.1% Nitric acid

0.223

0.046

C
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Table 5.4 Chemical Pre-Treatment Results Looking at Specific Metal Ions that Influence
Pyrolysis Chemistry
Description

Na

Mg

EDTA 24hrs

4529

<0.1

EDTA 200°C 1h

2177

EDTA 24h 60°C

K

Ca

Mn

Fe

Cu

Li

total

78

1188

<0.1

<0.1

<0.1

<0.1

5795

<0.1

115

1456

<0.1

<0.1

<0.1

<0.1

3748

2252

<0.1

81

1115

<0.1

<0.1

170

<0.1

3618

103

<0.1

38

2011

<0.1

<0.1

426

<0.1

2577

130

<0.1

21

1374

<0.1

22

<0.1

<0.1

1547

112

48

445

996

<0.1

184

<0.1

<0.1

1784

100rpm
DI water 134° 1h
15psi
1% Nitric acid
24hrs 60° 100rpm
Control sawdust

All values presented in PPM
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Figure 5.1 Hydrolyzable Tannin content in whiskey barrel at various time and locations
The hydrolyzable tannin content of the C and O layers of a new barrel, a five-year-old
barrel and a six-year-old barrel, and the C, P, R and O layers of a ten-year-old barrel
were measured using values that were obtained by the reaction with potassium method
and are presented as micrograms of hydrolyzable tannin per milligram of barrel
material. A Tukey-Kramer multiple comparison test was used to determine statistical
significance (n = 15; different letters denote statistically significant differences at
P < 0.05; error bars indicate standard error).
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Figure 5.2 Phenolic content in whiskey barrel at various time and locations
The phenolic content of the C and O layers of a new barrel, a five-year-old barrel and a
six-year-old barrel, and the C, P, R and O layers of a ten-year-old barrel were
measured using values that were obtained by the reaction with Folin-Ciocalteau Micro
Method and are presented as micrograms of gallic acid per milligram of barrel
material. A Tukey-Kramer multiple comparison test was used to determine statistical
significance (n = 8; different letters denote statistically significant differences at
P < 0.05; error bars indicate standard error).
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Figure 5.3 Iron chloride reactions with bourbon barrel staves
(A) A new barrel stave that has been soaked in a 10mM ferric chloride was acidified
with 125μL with 37% HCL. The new barrel stave appearance was dark through cross
section as the iron reacts with phenolic compounds in the wood. (B) A ten-year-old barrel
stave treated with iron chloride had a much lighter appearance along with a dark band
though the cross section indicating that less phenolics are present in the used barrel stave.
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Figure 5.4 Cell wall composition of oak trees of variable genetic background grown in a
central location
Quercus alba cell wall composition of tree cores sampled from 38° 49 N 86° 05 W
(Vallonia, Indiana). The cell wall content indicated that cellulose, hemicellulose and
lignin content in the heartwood are variable among biologically diverse individuals
grown in the same environment.
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CHAPTER 6. SUMMARY ON BOURBON WHISKEY BARREL EVALUATION
6.1

Introduction
We have learned much during our studies on bourbon whiskey barrels. The goal of

this dissertation is to understand the effect of both barrel variation and whiskey
maturation on wood. To achieve this goal, we developed a novel method for surveying
barrels by characterizing different layers based on physical appearance to better
understand wood-distillate interactions. Our hypothesis was that barrels generate a
variety of volatiles in a chemical reaction similar to that found in biofuel production and
thus are under the influence of the same factors. We attempted to utilize published
methods to manipulate alkane and alkane earth metals as parts of these reactions occur
during charring or toasting. We found that Quercus alba wood cell wall composition was
more variable than published values found in the literature and we conclude that this also
appears to be a factor in barrel variation that was unreported in barrel literature.
Fundamentally, during this study we could group the findings into three different
categories: wood effects, cooperage effects and distillate effects. These effects are
complex and build on each other causing barrel variation.
6.2

Lignocellulose Variation in Barrels
Barrels as a concept/ object are very old dating back to the 3rd century B.C when

the Celts used them to brew beer(Zhang et al 2015a) . On the surface, a barrel appears to
be a simple wooden container whose most recent advancements are the addition of metal
hoops and a food grade glue around the barrel heads as noted in (Chapter 1) (Mosedale
& Puech 1998). Though seemingly simple, there are natural and complex variations in
barrels that cause differences in products aged within them (Chatonnet 1997, Pérez-Prieto
et al 2002, Sauvageot & Feuillat 1999, Towey & Waterhouse 1996, Vivas & Glories
1996). Throughout the study of barrels many authors have documented ways in which
oak extractables are variable and just recently proposed some possible explanations of
mechanisms resulting in barrel variation(Cadahia et al 2001, Collins et al 2015, Spillman
et al 2004, Vivas 1997, Zhang et al 2015a). Oak has strong gene-location interactions
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leading to variation like other hardwood trees that can generate variation among
individuals (Zalesny et al 2005). This variation has been noted in specific extractable
compounds i.e tannins and phenolics; however, in most studies on barrels or woodchips
the actual composition of the wood is not measured but rather just the breakdown
products in the desired beverage. We found this variability in wood also extends to the
cell wall fraction of the Quercus alba (Chapter 5) as individual trees had heterogenous
cell wall content. The results from Chapter 2 (Chapter 2) indicated that the composition
of oak can alter what is diffused from the wood into a model distillate.
The composition of wood can be altered through many different interventions
throughout the cooperage process as explored in Chapter 1. The measured contents of
the lignocellulose portions of the barrel staves throughout this document, specifically the
O layer of the barrel, have indicated that there were numerical differences between each
barrel by year in cellulose, hemicellulose (Chapter 2) and lignin content (Chapter 3).
The variation in the composition of Quercus alba barrel staves is far greater than the
generally reported composition of 42% cellulose , 28% hemicellulose and 25% lignin(Le
Floch et al 2015b). During our analysis we found the following range of values of barrel
stave cell walls composition in the O layers: cellulose values (Chapter 2) (23.5% to
31.7%), hemicellulose values (chapter 2) (27.6% to 31.8%) and lignin (35% to 42%)
(Chapter 3). Oak chips in the model experiment had cellulose values of 42% (Chapter
2). This may indicate that along with the findings of Chapter 5 that cell wall content in
oak may be selected by geographical location. Cell wall composition values of individual
trees grown in the same location but with different genetic background indicate that cell
wall composition is variable among unrelated individuals. We found that the inorganic
profile was variable for minerals that influence pyrolysis chemistry among barrel staves
(Chapter 5). The actual measures found are of interest as these are different than
published values of Quercus alba cell wall composition. This has been found throughout
the study on all samples, a discrepancy we attribute to different methods of measurement
(Chapter 2) and to the variation between individual trees. One of the flaws of this study
was we did not survey Quercus alba cell walls of similar genetic background grown in
the same location to compare compositions. That information could be used to give
barrels a terroir type characterization if the cell wall composition was found to be similar
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and thus allowing cooperages to choose trees by location in an effort to decrease some of
the variation. This concept of barrel terroir is currently used in France with the interest
being that of extractable compounds such as tannins (Doussot et al 2000, Glabasnia &
Hofmann 2006, Mosedale et al 1996, Mosedale et al 1998, Mosedale & Savill 1996,
Sauvageot & Feuillat 1999).
Where cellulose is a homogenous biopolymer, hemicellulose and lignin are
heterogenous(Jarvis 2013, Scheller & Ulvskov 2010, Vanholme et al 2010). Our findings
also indicated that more than just the absolute content of the hemicellulose and lignin
content are variable; the content of the constituted monomers making up the polymers
differ as well. Hemicellulose in oak has six sugars that make up the amphoras polymerrhamnose, arabinose, galactose, glucose, xylose and mannose. The monosaccharides that
had the largest range were galactose (80 to 49 µg per mg wood), mannose (9.3 to 21 µg
per mg wood) and xylose (140 to 175 µg per mg wood).
Lignin content had the greatest range in measured values in bourbon barrel staves
which is to be expected as it is the most resilient fraction of the lignocellulose material.
Lignin is composed of three monomers that are polymerized by radical chemistry in the
cell wall of the tree leading to a highly diverse biopolymer(Sluiter et al 2008b, Vanholme
et al 2010). Even with this diversity lignin is comprised of a variety of consistent linkage
motifs that allow for some understanding of the composition of the lignin (Chapter 3).
Variances in these linkages could influence the volatile compounds associated with
whiskey flavor- specifically vanillic acid, syringic acid, and ferulic and phenolic
aldehydes(Canas 2017, Conner et al 1992, Puech et al 1992).
6.3

Distillate-Wood Interactions
Throughout the study we attempt to glean information about how whiskey

maturation effects the barrel to form hypotheses and document the maturation process. In
this section we will explore what we can surmise from the direct measurements of the
barrels and the various model experiments. We found that cellulose is degraded during
whiskey maturation (Chapter 2). Hemicellulose was found to be very variable during
whisky maturation suggesting extraction (Chapter 2). These findings were conferred
through a model experiment and indicated that cellulose content in the wood was
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converted to glucose content in the model spirit. These results also give evidence that cell
wall composition of wood has the potential to impact the aging distillate.
Lignin was the dominate biopolymer in the barrel interior as whiskey maturation
occurred due to the loss of the more easily extractable cell wall sugars. Acid soluble
lignin was found to trend toward zero, indicating that extraction into the distillate as
whiskey maturation progressed over time, however this was found to be an insignificant
trend. As charring of the barrel reduced acid soluble lignin content to a statistically
significant amount, mean separation would be difficult. Lignin composition data
indicated an insignificant trend that lignin linkages were increasing and becoming more
resilient as whiskey maturation occurred. Other lignin motifs were found to be variable in
nature and asserting a trend was not possible in the effect of whiskey maturation. Kraft
lignin analysis requires the subtraction of ash content to take the measurement. While
lignin and the inorganics are not related chemically the measurements are taken together,
thus we group them. Ash content was found to increase after whiskey maturation in the C
layer of the barrel as copper was found to accumulate (Chapter 3).
Fatty acids were found to be variable and absolute content changes due to whiskey
maturation were not evident in barrel samples. Barrel samples had increased volatile
compounds during whiskey maturation (Chapter 4). It was difficult to directly measure
fatty acids in the barrel maturation process, and results were inconclusive. The fatty
acids, myristric acid, oleic acid, and linoleic acid in barrel samples had interactions but
were difficult to determine because of reductions by charring. Model experiments did
indicate that increased amounts of long chain fatty acids (>8) were extracted with higher
alcohol content.
To generate more understanding of wood-distillate interactions and further whiskey
maturation knowledge, it appears that direct measurements of barrels may be too variable
for robust evidence of chemical changes to the wood. While these direct measurements
should be taken, the values should be used as proof of concept to generate hypotheses
that can be directly tested in model systems with lower variance. However great care
should be taken in ensuring that the model systems are able to replicate the phenomenon
being tested and be similar to the environment of the barrel. Using this method may help
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resolve some issues regarding unclear findings from direct barrel measurements. Model
experiments we developed demonstrated that cellulose is degraded during whiskey
maturation and that glucose has a more complex relationship than just a simple
accumulation in a distillate (Chapter 2), phenolic compounds extracted from barrel wood
are not influenced by ethyl acetate content (Chapter 3), and that fatty acids extracted
from wood are influenced by alcohol content of distilled spirits (Chapter 4). Application
of this model allows for resolution that would be difficult to achieve in a barrel system.
6.4

Barrel Variation: Practically Impossible to Tame
Barrel variation has been the focus of interest throughout this document.

Throughout these various studies it appears that without considerable efforts barrel
variation is unlikely to be resolved. This conclusion came from tests which indicated that
the biopolymers in oak were found to be more variable than previously indicated in the
literature in addition to the variation of cooperages amongst individuals and process
traditions. These favors lead to variation as the process in which volatile compounds are
produced from the wood during toasting and/ or pyrolysis is a sensitive chemical process
that without ideal conditions and similar feed stocks, variations in breakdown products
will be generated and thus barrel variation. The process of charring a barrel creates a
sensitive chemical process known as pyrolysis that can create volatile compounds in a
heterogenous fashion in the absence of ideal/identical barrel processing. We found that
composition of the more heterogenous biopolymers varied in noticeable amounts in the
case of hemicellulose (Chapter 2) and lignin (Chapter 3). This may also lead to an
impact on whiskey maturation chemistry however this hypothesis will require further
testing.
The barrels’ lignin, carbohydrate composition and content, and mineral profile
(Chapter 5) are variable between staves leading to variety in the products formed during
pyrolysis as shown by our variable data in Chapter 3. This resulted in the finding in
Chapter 3 that we found in the pyrolysis gas chromatography mass spectrometry results
as no trends could be found in the data. Charring and pyrolysis reactions cause biomass
depolymerization, fragmentation and char formation that is dependent upon the
temperature at which the reaction occurs and is different for each biopolymer.
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Depolymerization is the breaking of the bonds between monomers in the
biopolymers; after this reaction a stabilization reaction occurs to the new ends of the
separated chains(Mamleev et al 2009, Scheirs et al 2001). The degree of polymerization
of the chains occurs until the produced molecules become volatile(Azeez et al 2011, Lédé
et al 2002, Mamleev et al 2009). Fragmentation reactions during pyrolysis occur
between monomers and the linkages in polymers(Collard & Blin 2014, Lu et al 2011,
Van de Velden et al 2010). This reaction results in the formation of incondensable gas
and several small organic compounds which are condensable(Blanco López et al 2002,
Collard & Blin 2014, Jakab et al 1995, Van de Velden et al 2010). Char from biomass is
an aromatic polycyclic structures that is a solid residue(McGrath et al 2003, Pastorova et
al 1994), during char formation benzene rings along with water and incondensable gas
are formed(Banyasz et al 2001, Collard et al 2012, Pastorova et al 1994, Scheirs et al
2001, Van de Velden et al 2010). Volatile compounds that are formed during the
pyrolysis process can undergo additional reactions, cracking(Morf et al 2002, Van de
Velden et al 2010) or recombination(Morf et al 2002, Wei et al 2006). Cracking reactions
from volatile compounds occur by breaking chemical bonds within the volatile
compounds and making lower weight molecules(Evans & Milne 1987, Neves et al 2011).
These reactions can occur within the polymer or within the volatile compounds as
cracking and fragmentation(Blanco López et al 2002). Recombination of compounds
generate compounds with higher molecular weight and can generate secondary char(Morf
et al 2002, Neves et al 2011).
Each of the lignocellulose polymers in the barrel reacts differently from pyrolysis
and generates different breakdown products. The depolymerization reactions for cellulose
result in the formation of levoglucosan, 5-hydroxymethylfurfural and furfural with
fragmentation resulting in both carbon dioxide and monoxide with hydroxyacetaldehyde,
hydroxyacetone and acetaldehyde(Collard & Blin 2014, Collard et al 2012). Lignin
undergoing depolymerization reactions produces guaiacol, catechol, cresols and phenols;
these compounds are further oxidized during whiskey maturation (Canas 2017, Collard &
Blin 2014). Where fragmentation of lignin results in formaldehyde, acetic acid and
methanol(Collard & Blin 2014). Hemicellulose in oak is more complicated as the two
reactions can occur to generate different compounds. The depolymerization of
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hemicellulose xylans, the backbone of oak, result in furfural where the depolymerization
of glucomannan resulted in levoglucosan, levomannosan and furfural. Hemicellulose can
also undergo a fragmentation reaction resulting in acetic acid, menthol, formic acid,
hydroxyacetaldehyde and hydroxyacetone. The reactions of pyrolysis and thermolysis
that occur in biomass are influenced by the temperature ramp rate and maximum(Azeez
et al 2011, Stefanidis et al 2014). This can be affected by the content of the biopolymers
because cellulose, hemicellulose and lignin have different temperatures at which these
breakdown products can be formed which is also selected by metal ions(Azeez et al
2011). Particle size has a pronounced effect on pyrolysis chemistry; this concept is
noteworthy because applications of pyrolysis chemistry will have to be scaled to the
barrel(Shen et al 2009).
In order to resolve barrel variation for volatiles arising from oak cell wall
breakdown, oak biomass would have to measured according to its cell wall composition,
organic acids content and inorganic mineral content. Staves with similar values could be
collected and assembled into a barrel which would have to be dried to a specific
standardized relative humidity before a toast or charring process. This toasting or
charring process would have to be set to standard methods that either used invariable heat
admitters or a gas torch that consumes the whole barrel interior at once. While these
steps could be achieved to resolve the variation that arises from barrel thermal
modification and direct extraction of cell wall material, they would be ineffective for
biologically variable compounds inherent to the tree, which have been explored
previously.
6.5

Conclusion
A barrel seems like such a simple object- it’s made of wood and has been produced

for 2000 years with the latest innovation being metal hoops. The barrel is now part of
production system for products that are enjoyed all around the world from bourbon to
vinegar, preferably not mixed. Through a series of studies employing an inverse method
to measure the loss of specific wood macromolecules in barrel staves and model
experiments we explored wood chemistry of cooperage and whiskey maturation. Through
these studies we found that barrel stave biomass compositions are variable and discussed
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how this would fit into the large issue of barrel variation. In our study we found that the
two largest factors in pyrolysis chemistry are variable in barrel wood, cell wall
composition and ash profile. Barrels are variable from several endogenous factors of
barrel wood that are then compounded through the cooperage process. We learned where
many of the variables arise and can develop techniques to standardize the process to
reduce these variables, but these modifications are a long way from being utilized in a
large-scale setting.
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